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THE EFFECT OF MATERIALS AND METHODS OF 
PLACING ON THE STRENGTH AND OTHER 
PROPERTIES OF CONCRETE BRIDGE 
FLOOR SLABS 


REPORT OF A COOPERATIVE INVESTIGATION CONDUCTED BY THE PORT OF NEW YORK AUTHORITY AND 
THE UNITED STATES BUREAU OF PUBLIC ROADS 


By L. W. TELLER, Senior Engineer of Tests, and G. W. DAVIS 


N THE field of highway bridge engineering one of 

the most important developments of the times is the 

trend toward increased span lengths. This develop- 
ment has been made possible, in a large measure, by 
new materials, new methods of construction, and new 
knowledge which have been made available to the 
bridge engineer within the past few years. While the 
veneral tendency toward greater span lengths has been 
evident in the design of many types of bridges, it has 
been particularly noticeable in’ that of suspension 
bridges. A span of 1,800 feet is a thing of the past; one 
of 3,500 feet has recently been opened to traffic, and 
another of much greater length is already planned. 

With such great span lengths the possibilities for 
economy through a reduction in the dead load caused 
by the weight of the floor system are of such importance 
as to merit the designer's most serious consideration 
Nearly three vears ago, when the design for the giant 
bridge over the Hudson River between Manhattan at 
One hundred and seventy-eighth Street and Fort Lee, 
\. J., was being developed, this thought led the Port 
of New York Authority to request the Bureau of Public 
Roads to cooperate in the conduct of a rather extensive 
series of tests, the primary object of which was the 
development of information which would permit a 
comparison to be made of the relative strengths of con- 
erete floor slabs made of several materials and placed 
by each of several methods. 

The tests requested were begun during the summer of 
1828 and have been completed only quite recently, 
because of the time required to make certain extended 
durability tests 

SCOPE OF TESTS OUTLINED 


Che materials which it was desired to compare were: 
Coarse aggregates 

a. Haydite (an artificial lightweight aggregate 

b. Rounded siliceous gravel. 

c. Crushed limestone 

Fine aggregates 

a. Haydite. 

6b. Natural quartz sand. 
The methods of consolidation used in the placing of 
the conerete were as follows: 
|. Hand placing. 
2. Vibrolithie process. 
3. Vibration with an electric vibrator. 
4. Vibration with an air hammer. 
The detailed descriptions of the materials and of the 
ods of consolidation are given later in the report. 
0 provide satisfactory specimens for the tests it was 
hecessary to construct a series of slabs sufficient in size 
to permit all operations to be carried out as they would 
be in actual construction. Since, in some cases, vibra- 
tion was to be used for the consolidation of the con- 
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crete, it was necessary that the method of supporting 
the slabs during construction be comparable to that 
which would normally be used in the desion of such 
floor systems. 

The series consisted of 11 slabs, in duplicate, or a 
total of 22 slabs each leet lone, 6 feet wide, and 
S inches thick. In their construction the various ma- 
terials and methods were combined as shown in Table 1 
It will be seen from this table that in placing the con- 
crete containing the Haydite aggregates the air hammer 
was not used. 


»*) 


This omission was made because it was 
beheved that a satisiactory comparison between meth- 
ods could be made on the other two materials and that 
sufficient data concerning Haydite would result from 
the slabs made by the other three methods 
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nd 24. H i] I i limestone and natural sand 
2 and 23 i travel and natural sand. 
and 14 1c Fine and coarse Haydite 
and l¢ Vibr pI Crushed limestone and natural sand 
tand 1 Grav ind natural sand. 
6 and 17 j Fine and coarse Haydite 
sand 19 Vibra ‘ ( ei limestone and naiural sand 
7 and 18 L¢ Gi 1atural sand. 
yand 25 d k rse Haydite 
land 22_. Vibr Cr ‘stone and natural sand. 
id 21 ..do Gravel and natural sand. 
lo each of 6 slat laced t Vibro process there was added trap rock 
the propor ) e: 


The concrete in each 
the following tests: 
1. Flexural strength 
a. Flexural strength of 36 by 72 inch slabs, 8 
inches thick. 
b. Flexural strength of 8 by 
beams. 
Compressive strength 
a. Compressive strength of 
cores. 
6. Compressive strength of 6 by 12 inch control 
cylinders. 
3. Modulus of elasticity 
Modulus of elasticity of 6 by 8 inch drilled cores. 
4. Bond strength of embedded steel 
a. Vertically placed bars. 
b. Horizontally placed bars. 
5. Stress and deflection measurements in reinforced 
slabs, 36 by 72 inches in area. 


of these slabs was subjected to 


8 by 36 inch sawed 
) 


6 by 8 inch drilled 


i 
6. Absorption tests. 

7. Wear tests, to determine relative surface hardness 
of the concrete. 
8. Tests of 

thawing. 


resistance to alternate freezing and 
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GENERAL PROCEDURE DESCRIBED 


In order that the effect of construction methods 
might be the same on the test slabs as on actual bridge 
floor slabs, the test slabs were constructed on stringers 
which consisted of 18-inch, 54.5-pound I beams, 22 feet 
long, placed 5 feet 4 inches on centers and supported at 
either end by short concrete pedestals. 

Although each of the large slabs was constructed as a 
unit, it was divided in the forms into sections of a size 
suitable for testing by wooden dividing strips or parti- 
tions about half the depth of the forms, or 3% inches 
in width. These dividing strips, 2 inches thick with 
chamfered edges, were fastened in the forms in a very 
dry condition. On placing, the wet concrete caused 
these strips to swell sufficiently to crack the large slabs 
into smaller sections. Details of the method of divid- 
ing the large slab are shown in Figures 1 and 2. 
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MATERIALS USED 


The materials used were obtained from the same 
sources as the materials contemplated for use on the 
: . ; : we ‘ 
bridge. Their physical characteristics are given below. 
Cement.—The cement used was a reputable brand of Portland 
cement with the following characteristics. The values given 
are the averages of tests of five samples. 


Fineness, percentage retained on 200-mesh sieve 19. 6 


Soundness _ Satisfactory. 
Time of set (Gilmore needle 

Initial. ____- 3 hours, 15 minutes. 

 ——— are 7 hours, 0 minutes 
Normal consistency, per cent- pis 21.6 
Tensile strength (pounds per square inch—1:3 Ottawa sand 

mortar): 
7 days. -- 7 _... 253 pounds. 


28 days. __. 365 pounds. 
Fine aggregates. —The sand used as a fine aggregate in these 
tests came from Suffolk County, N. Y. It consists essentially of 
angular grains of quartz, containing a small amount of mica and 
feldspar. Physical tests gave the following results: 
Sieve analysis: 
Total retained on— 


NS 0b aici ds casein ts Suits Da per cent 2 
ON een weg Sats Hic 2 
rs i ees tnd do... 24 
I og en ee cee a sanOi.c.. & 
eee ee ee 87 
pe ee eo | 98 
Silt and clay............ : : 160... 0. 4 
ae ee: 2. 67 


iy specific gravity 

ight in pounds per cubic foot (dry rodded) - 

Organic matter (color test) _____- 
Strength ratio— 


105 
Satisfactory. 


I hae aie ts lai Sho hs -per cent... 116 
38 0 A eee a ae eae .@e.... 166 
IN 208 eae ak WE a ein ee 2. 73 


Haydite is a manufactured aggregate consisting of fused clay 
or shale. It was obtained from Gokeun County, Mo. Haydite 
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FIGURE 2 


NOTE 


ForM READY FOR CONSTRUCTION O} 
SEPARATORS, STEEL Mats, aND Barks FOR 


No. 6, which 

results: 

Sieve analysis 

Total retained o1 

No. 4 sieve 
No. & sieve 
No. 16 sieve 
No. 


Was used as a fine regate, gave the 


uee 


30 sieve 
No. 50 sieve 
No. 100 sieve 
Apparent specific gravity 
Weight in pounds per cubie fi 
Percentage absorption 
Fineness modulus 
Coarse aggregates 
Suffolk County, N. ¥ 


of sandstone and quartz 


vot (dry rodded 


The gravel, which was 


Prior to the mechanic 


gravel as received was separated into four sizes and recombin 


as follows: 
Over 1% inches 


ARGH 
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AB 


BonpD ly STS 


fi 


low 


per cent 
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j 
do 

1 
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% to 14 inches do 
4 to 4% inch do 
Less than '4 inch do 
Mechanical analysis 
Total retained on 
14-inch sereen : do 
44-inch screen . do 
s-Inch screen do 
No. : sieve c do 
No. S sie ve... - - P do 


Apparent specifie gravity 

Weight in pounds per cubic foot dry. rodded 
Percentage absorption 
Fineness modulus 


obtained 
consisted essentially of rounded fragment 
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te 


fri 


analysis t 


per cent 


Following are the results of physical tests on the crushed : 


a siliceous limestone from Rockland County, 
Mechanical analysis: 
Total retained on 


1'4-inch screen 


Mi 


per cent 


%4-inch screen " do 
%-inch screen do 
No. 4 sieve do 
No. 8 sieve_. do 
No. 16 sieve sae de do 


Apparent specific gravity _ 

Weight in pounds per ec ubic foot (dry rodded) 
Percentage absorption 
Percentage wear - - -- 
Fineness modulus 


Following are the results of physical tests on the %4-in: 


dite which was used as coarse aggregate: 
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Mechanical analysis: the grading of the aggregates was in accordance with 

dati soc ogee per cent () specifications of the Port of New York Authority, as 

34-inch screen do | were the fineness moduli of the combined aggregates. 

3¢-inch screen do 34 Kor these two ager ites the real mix was identical, 

No. t sieve do 89 although the percentage of fine to coarse aggregate was 

x ppt ae an varied slightly to give the desired workability. In the 

Apparant specific gravity 1.31 case of the Haydite gregates the mix was fixed as a 

Weight in pounds per cubie foot (dry rodded 51.75 1:1%:3 loose volume mis with 3 pounds of Celite 

ee a , : 4 added to each sack of cement, this having been found 
fineness Moaduius ) ) 


TI hicl 1 he Vil ; I the most satisfactory of several experimental mixes by 
ie trap rock which was used in the Ibrolithie concrete was +} . : 4 ) r N , ae watery 

) ] { " ‘ i ) the Ol ot ew fil ) * 
obtained from Rockland County, N. Y. Following are its he laborat« ry ol Po +. York Auth rity 
characteristics: 


The high absorption of Haydite made it necessary to 
Size: 1 to 2 inches 


ise the material In a saturated condition in order to 
Apparent specific gravity . -- - 2. 83 control the water cement ratio Both the fine and the 
Percentage absorption 0. 18 coarse Haydite, packed in burlap sacks, were com- 
Description: Gabbroitic diabase : . 


pletely submerged in water for from 16 to 20 hours. 


The sacks of material were then removed from the 
water and allowed to drain for one hour before mixing 
was begun. 


DESIGN OF CONCRETE MIXES 

The mixtures used were modifications of experimental 
mixes for the particular aggregates used, as developed 
in the testing laboratory of the Port of New York 


Surface moisture determinations were made for both 
Authority. In both the gravel and the limestone mixes 


Haydite agoregates and IO! the sand just prior to their 


TABI E 2. Concrete dé qn data for bi idge flooi 


Surface moisture Batch quantitie ‘ot 
Wate mS he ; € I lulus ary { ‘ezate and 
s ib m : | | Jomina] mix A, a ie wad ! mixad iype o aggregate and 
. Fineag- Coarse aie _ | Fine ag-| Coarse ere: ; t were a method of placing 
gregate e . - ‘ - regate iggregat 
I 
Per cent Per cent Pounds l s Pounds Pound yard 
13.9 42 | . 94 100. 1 150. ¢ gah 1:3.88  1:1.25:2.79 7. OF % | Haydite, hand placed. 
j 1.8 0 10. 4 4 225.0 420. 0 SE 1:4.79 1:2.1 { 68 Gravel, vibrolithic. 
5 1.9 0 51.7 o4 243. 0 383. 0 90 1:4, 65 1:2, 27:3. ¢ y 8. f ‘ 5.60 Stone, vibrolithic. 
6 14.8 2.9 28 O4 7.1 151. 1 7¢ 1:3. 88 1:1. 20:2. 84 rf ) 5. 1 Haydite, vibrolithic. 
7 1.8 0 19.4 O4 230 430 st 1:4, 92 1:2. If s4 B. 2 $ 67 Gravel, electric tamper. 
8 1.4 0 53.2 94 258. 0 402. 0 i) 1:4. 91 1:2. 42:3. 79 ) f 58 | Stone, electric tamper. 
14.3 a2 gone |} o4 103. 4 152.3 4 so. |¢ 1:3.:95 | 1:1.90:2:82 7. O4 : 4 | Haydite, electric tamper. 
: ) 2. 2 0 " 48,2 v4 231 430 s 1:4. 92 2. 1¢ s4 s 67 Gravel, air hammer. 
l 2.8 0 10.4 O4 62. 0 402. 0 ) 1:4. 91 1:2. 43:3. 79 5. 28 } ) 57 Stone, air hammer. 
2 2.5 0 47. ¢ ad 232. 6 430 Sf 1:4. 92 1:2, 16:3. 84 02 i 67 Gravel, hand placed. 
) 2 9 0 49.1 4 8D 402.8 9] 1:4. 92 1:2. 43:3, R¢ 20 39. ( f 5.58 Stone, hand placed. 
i 13.3 ‘ 28.0 4 102. 5 149. 2 78 1:3. 88 1:1, 29:2. 75 8. 18 } 68 5.02 | Haydite, hand placed. 
5 1.8 0 19.4 M4 230. 5 430. 5 sé 4.92 1:2. 16:3. 84 4.98 f { 67 | Gravel, vibrolithic. 
S 6 2.5 0 50, 2 o4 261.8 402.8 ‘1 1:4. 92 1:2. 43 80 5. 00 ) 5.58 Stone, vibrolithic. 
{ %%-28.0 )) 79 |) 
j 13.9 { , -97.5 |3 94 104.8 150.7 4 78 1:3. 93 1:1.31:2. 78 72 2 S 02  Haydite, vibrolithic. 
| 27.0 |} 78 J 
3 1.8 0 19.4 4 230. 5 430. 5 86 4.92 1:2. 16:3. 84 s 64.0 5.67 | Gravel, electric tamper 
) 1.7 0 52.4 v4 259. 5 402. 8 91 4.92 1:2, 43:3. &¢ 58 | Stone, electric tamper. 
1.8 0 49.4 4 230. 5 430. 5 86 1:4. 92 1:2. 16:3. 84 l 67 | Gravel, air hammer 
2. ¢ 0 0.0 M4 262. 0 402.8 91 1:4. 92 1:2. 43:3, S¢ 29 58 | Stone, air hammer 
2 ¢ 0 47.2 O4 232 9 430.5 RA 4.92 2. 16:3. 84 1 6.0 +. f 67 Gravel, hand placed. 
2.5 0 50. 2 04 261.8 402.8 ) 4.02 2. 43 SO 58 Stone, hand placed. 
0.4 t 27.0 4 93.8 149. ¢ 73 1:3. 78 4:2. 7 8.4 8 ( Haydite, electric tamper 
SEPARATE AGGREGATES use, and an allowance for it was made in calculating 
the water-cement ratios. As both the gravel and the 
Per- : : 
Fine- Weight _— centage |,peorp. Stone aggregates were sun-dried, sacked, and stored 
61 modu- Percubie gravity Yolds “tion under cover, no measurable surface moisture was pres- 
lus lated ent. All mixtures were made as dry as compatible 
28 with the methods of placing used, the consistency of all 
3 ° ° " ° . us ce 
Pounds ag Percent MIXES being limited to a slump of 1% inches. Table 2 
ne and 2.73 05. 00 2. 67 37.0 00 “Seeks ee rie sngeig 
~ “ co| Gaal gen BLS ‘23 gives the complete mixing data. The batch quantities 
Limestone. --. 7.40 106.00 2.82 30.8 % shown are the actual weights of the materials used, 
Haydite No.6... "3°50 6375. 1.61 31.6 14.70 Including surface moisture 
Haydite, coarse 6. 16 51.75 1.31 36.7 7.46 r 
METHODS OF CONSTRUCTION 
MIXED AGGREGATES . . 
In the construction of the test slabs six forms were 
ry. . ao . 
Weight 7 used. | hese forms, const ructed of 92-inch tongue-and- 
Shrin re . y = rar . ; > 
>, 82 percubie “factor BFOOVE planking, were set up with 8-foot intervals 
: between them. Down the center of these 8-foot spaces 
). 05 Pane narrow-gage tracks were laid running parallel to the 
ids . ° < 
45 Sod an gravel... 133.9 o.s2 long axes of the slabs. Perpendicular to these tracks 
ie _ limestone 3 7 — ¢ ° : 
a Haydn: wmestone.. --- =: ‘» and passing along one end of the forms, there was laid 


another narrow-gage track which led to a field testing 
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machine designed to make cross-bending tests on the 
3 by 6 foot sections. Narrow-gage cars with platform 
decks fitted with rollers were used to move the test 
specimens. 
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All aggregates were stored and all mixing was done 
on a terrace or bench about 4 feet above the level of 
the forms. 

The mixing was done in a 10-cubic-foot drum-type 
mixer electrically driven at the rate of 20 r. p.m. All 


five positions of the platforms covering the entire 22 
foot slab. 
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2,200 vibrations per minute for a period of three to 
four minutes for each 6-foot section. As the forms 
were filled the platforms were moved forward in steps 
of approximately 3 feet and the concrete vibrated anew, 

> 


The irregular mortar surface left on removal 


of the platforms was smoothed off with a wooden strike 
board and the surface finished by belting. 
were also covered with wet burlap. 


These slabs 








ELECTRIC TAMPER 


Figure 3.—TnHe Four Metuops Usep 
batches were mixed for two minutes and then dis- 
charged into concrete buggies. The buggies were 


wheeled to a platform resting on top of the form, where 
they were dumped. The concrete was shoveled from 
this platform into place in the slab forms and com- 
pacted and finished by one of the following methods. 
Hand placing.—-In the case of the hand-placed slabs 
the concrete was well spaded along the edges of the 
forms, tamped across once with an 8 by 2 inch steel- 
edged strike board, and then struck off. The slab was 
then belted with an 8-inch rubber belt and covered with 
wet burlap as soon as the surface would allow. 
Vibrolithic process.—The concrete in these slabs was 
placed and struck off in the same manner as in the case 
of the hand-placed slabs. As soon as the surface of 
the slab had been struck off it was covered uniformly 
with trap rock, 1 to 2 inches in size, in the proportion 
of 50 pounds to the square yard of surface. On this 
stone special slatted platforms, 6 feet long by 14 inches 
wide, were placed. Over these platforms the patented 
vibrator was rolled and the concrete subjected to about 


VIBROLITHIC PROCESS 


a? 


AIR HAMMER 


FOR CONSOLIDATING THE CONCRETE 


Two types of platform were used in these tests. ‘The 
first series of Vibrolithie slabs was finished with the 
standard platform which has }s-inch spaces between 
the cleats. On the platforms used in the second series 
the cleat spacing was reduced to one-fourth inch in an 
attempt to reduce the amount of mortar brought te 
the surface. This modification apparently reduced 
somewhat the thickness of the mortar cover. 

The electric tamper._—The placing of concrete by this 
method followed the procedure used in the case o! the 
hand-placed slabs up to and including the shoveling 0! 
the concrete from the dumping platform into the forms 
The concrete once in place was vibrated by means 0! 
a patented electric tamper which causes a vibration 0! 
relatively small displacement but of high frequency: 
quite different from the direct but slower blows of the 
air hammer. The tamper consists essentially of a 
unbalanced weight on the shaft of a rotor revolved by 
an electric motor. When this rotor is revolved at 1&6 
normal speed of 3,600 r. p. m. the unbalanced weight 
sets up vibrations in the entire device. These vibr® 
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tions are transmitted to the form and to the concrete 
by means of a wooden tamping bar bolted to the motor 
frame. The vibrations are reduced before reaching the 
operator through spring connections between the motor 
and the operating handles. The total length of time 
that each 22-foot slab was vibrated was about 20 
minutes. The slabs were finished with the wooden 
strike board and belted, and were covered with wet 
burlap immediately after the initial set. 

The air hammer.—The procedure in placing this type 
of slab was the same as for the electric tamper, except 
that the concrete was compacted by vibrating the steel 
I-beam stringers, and through them the forms and 
concrete, by means of an air hammer. The hammer 
used was a Cleveland, type C 6 hammer, weighing 85 
pounds and having a rated delivery of from 1,200 to 
1,250 blows of 27+ foot-pounds per minute when oper- 
ated under 65 pounds air pressure. A wooden tamping 
bur 2 by 4 inches in cross section bolted to a section of 
a steel cutting tool was inserted in the hammer. Each 
I-heam was vibrated for approximately one-half a 
minute for each one-bag batch, the total time of vibra- 
tion for the entire slab being about 20 minutes, or the 
equivalent of the period of vibration used in the Vibro- 
lithic and electric tamper placements. 

Figure 3 shows the equipment used in each of the 
four methods of placing. 

Curing and storing.—At the end of 24 hours the sides 
and ends of the forms were removed. The slabs were 
kept covered with wet burlap for 12 days. On the 
thirteenth day after casting the decking of the form 
was dropped and the test specimens removed from the 
steel stringers. The slab sections, which had been 
Separated by the swelling of the wooden separators in 
the forms, were lifted from the I beams by a specially 
‘onsiructed steel cradle and a chain hoist suspended 
rom a movable steel A frame. The sections were 
placed in the 8-foot spaces between the forms, resting 
on the narrow-gage rails, which served as sills and 
‘Supported the slabs clear of the ground. The form 


Four TEstTs 


was then reassembled and was ready to be used again 
the following day. 
FLEXURE 


rESTS ON 3 BY 6 FOOT SLABS 


Tests for flexural strength were made on four 3 by 6 


foot sections of each large slab. All of these specimens 


were tested at the age of 22 days, the bottom of the 
slab being in tension. The machine used for the 
testing of these specimens is described below. On the 


twenty-second day after casting, the four sections not 
containing steel reinforcement (1. e., e. &, 
and 7 in fig. 1) were removed from the storage tracks 
by means of the overhead A frame and hoist and were 
moved on the narrow-gage railway to the field testing 
machine. 

This field testing machine is shown on the cover. It 
consisted of a structural-steel frame for supporting the 
specimen and for providing a reaction for the ball- 
bearing ratchet jack used to apply the load. Freedom 
of motion at the knife-edges was provided. The load 
was applied at the third points of the span and its 
magnitude was determined by a measurement of the 
deflection of a pair of steel beams previously calibrated. 

In computing the modulus of rupture of the specimen, 
the dead loads due to the weight of certain parts of the 
testing machine and to the weight of the specimen 
itself were considered, as were the actual dimensions of 
the slab at the plane of rupture. 

Comparative data from these flexure tests are shown 
in Table 3, and the average modulus of rupture for each 
test slab is shown in Figure 4. These data indicate 
that at the age of 22 days 

1. The concrete placed by the three vibrating 
methods had higher flexural strength than that placed 
by hand methods for all of the aggregates used. 

2. The concrete placed by the Vibrolithic process had 
higher flexural strength than that placed by any of the 
other methods for all of the aggregates used. 

3. In the case of the gravel concrete, that placed 
with the air hammer and that placed with the electric 


sections 2 


my, 
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TABLE 3. 
at age of 22 days; span, 60 inches, load applied 





GRAVEL AGGREGATE 

re S)a} Secti Modulu 
yr ON No if rupture 

Lhs pe 
2 468 
) $ 474 
: 477 
ee 7 442 
Hand placed 2 306 
y 4 418 
7 5 376 
7 392 
2 488 
4 563 
4 5 569 
Vibrolithic proces -4 a 
’ 4 576 
7 70 
7 53 
2 478 
- 4 442 
5 440 
Electric tamper -- F : “id 
‘ 4 521 

5 e 
. ) 5 499 
7 443 
2 509 
0 4 459 
437 
Air hammer : 497 
. . woe . 2 490 
) 4 469 
aed § 490 
7 454 
LIMESTONE AGGREGATEI 

12 441 
' 14 457 
13 15 485 
Hand "placed 2 oa 
‘ 1 $48 
24 5 451 
17 413 
2 fl4 
. 4 542 
, 5 is 
Vibrolithic process wai + 
4 525 
16 , 581 
7 46 
2 589 
5 1 590 
wt 
Electric_tam per 5 548 
19 : 315 
489 
7 457 
2 48 
11 4 586 
517 
~ £19 
Air hammer ) 9 a 
: $ 158 
ane 5 443 
7 $52 

HAYDITE AGGREGATI 
2 417 
— 4 183 
$ |) 5 $82 
27 443 
Hand placed a ) 29 14] 
24 441 
14 25 457 
7 $59 
2 463 
f ‘ 5 
Vibrolithic proce ; ~ 
4 550 
| > 659 
2 425 
; 4 419 
, 5 419 
Electric tamper ai “4 441 

5 4 f- 
} 5 592 
7 547 


1 Slight honeycomb in bottom. 
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Values of modulus of rupture of 3 by 6 foot slabs tested 


at third points 


166 


502 


456 


4Slight honeycomb 


147.4 


149.9 


149.8 


104. 1 


108.8 
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tamper had approximately equal flexural strengths 
In the case of the concrete in which crushed limestone 
was used as the coarse aggregate, that placed with the 
tamper had a flexural strength intermediate 
that placed by the Vibrolithic and 
that placed with the air hammer 


These indications are of course limited to the flexural 


electric 


between process 





tests at 22 days and do not take into consideration 
PABLE 4 Values of modulus of rupture of 8 by 8 by 36 inel ! 
Heams spar sO) ncne load applied al third pounts 
GRAVEL AGGREGATI 
M lus of ruy inds per squ 
| . \ \ r Aver Ave 
N + 1) ue 1sO0 ue ( we 
" for ay for i for 
it ba | t st 
he 
| & Hlo bs 
H } U —“ aN 
2 . 42 < 4 a+ 476 “ { 
{ ‘ " 849 9 Ox Fey 67 i 
Vil pl " 
, 4) s 
661 it 625 OS , 
TOR i SY f 
{ 62 ro it ‘ 
FE] | 186 3 449 
550 62 
17 : ‘46 oll) 
" 623 nan 4 
4 - 2 
Air hamme ‘ O24 ” 167 ( 
2 eee oe it O88 |! eng - 
47 Sf) OH0F 
LIMESTONE AGGREGATE 
681 21 418i 
{ 620 {60 70K 
OoY 4. . 
| 60K A) 4 
H ‘ 764 192 490 
, . | y. s 520 460 Oot 
4 639 515 652 
46, 2 
24 61 | 644 606 503 06 62t 
404 610 25 820 
2 f 797 773 HVE 
' F S01 736 = i 
791 768 v 714 
Vibro proce od 701 64 oy 
i I ) 9 62 ( 596 561) , 
| $ SAS sai 657 | 643 
i) 876 78 ns 660 = 29 
$s 754 O84 
2 4 783 788 
~ 4 630 818 752 647 So 
734 a — 6s¢ 
t 672 | 67 
Electr mper ‘| 9 716 m 
4 661 ‘ 17 710 
7: IS) 709 } 669 \ g50 } 64 Y ° 
& US 574 Ht 
- H &33 763 SO 
4 ‘ 666 ~e 652 787 
il 4 7 RD ‘Sl ) gag 6SO0 ¢ 
: —— 7 ’ 673 672 6M 
a 2 2 625 731 
, 4 01 700 00 4% ” ss g 
= 623 “Ss |) 617 || @** |) Se 
4 538 628 2 
HAYDITE AGGREGATI 
2 OF 519 571 284 
4 432 §17 481 if 
| 401 406 109 506 196 224 
! 419 435 424 +s 
Ha , 2 531 683 366 24 
| } is7 06 758 an 385 ~ 2 : 
‘ 168 19 7RS ois S58 sich oN 3 
00 643 380 2 
yi S580 491 
' 161 on 522 503 . 2 
441 : 638 604 05 aie < 
“e Se 100 687 406 s 
! Prures 646 550 70 2s 
| } 628 , 562 - 3 
678 4 42 : , 9 - 
659 75 541 
2 64 546 411 - 
H 9 - 531 s 45 . 
| 576 || °/> 1) 54 |f M4! |) age | 499 ; 
a : 524 545 |} 372 
Electric tamper. | 2 499 631 | 378 
- { 188 520 . \} 375 ss 
9 14 03 515 3 394 | 407 
511 46 482 
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possible effects of variations in temperature and humid- 
ity during this period. 


FLEXURE TESTS ON 8 BY 8 BY 36 INCH SAWED BEAMS 


The specimens used in these tests were obtained by 
sawing into beams the fragments of the 3 by 6 foot 
slabs used in the 22-day flexure tests. This operation 
was performed with a high-speed inserted-tooth car- 
borundum saw which in general was very satisfactory, 
except that the cutting in the siliceous aggregates was 
somewhat slow. 
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applied loads and was based on the actual ruptured 
section of the specimen. 

The flexural strengths of the individual specimens are 
given in Table 4, as well as averages for the beams 
from each section of each slab. Figure 6 shows 
craphically the effects of age, method of placing, 
and of aggregates on the flexural strength of these 
specimens. 

In order to study the effect of the various methods 
of placing on the flexural strength of concrete of each 
material, a summary of the data in Table 4 was pre- 











mar rt Tn 5 il ] [ 
fr YT f } a 1 | 
: } aa] , ———— aS 
oe : SS o 
a — 2, | is . Le 
— ——— rr Po 
| o - { 
asi —_ [ B d . 
N I Pai: 
vr i a oN 
5 ‘ae 
Se - — - — ——E Paes ee ip : ay. 
| R KER AR cat bane 4 i mapas a | 
oo AN at eo + 
ee Se: +45 BS , J Y | | 
7 - | E a] | 
‘ 4 ct 
ee . E ah NS 
iP q L 
is 
; : L 
t | : :: = 


FiGure 5. 


The program called for the testing of four beams 
from each large slab at each of four test periods (28 
and 90 days, 6 months, and 1 year). Because of the 
difficulty of sawing the specimens of gravel concrete 
and other unavoidable delays, it was not possible to 
prepare and test this number of specimens, and it will 
be noted in the tabulated data that the number of 
specimens varies, particularly in the 28-day tests. 

Another difficulty which was not foreseen was a con- 
siderable variation in the moisture condition of the 
sawed specimens tested at the early ages. The sawing 
process requires a free flow of water over the spec- 
imen, and at the early ages some of the specimens were 
taken almost directly from the saw to the testing 
machine. Moreover, the specimens for the tests at 28 
days, 90 days, and 6 months were stored in the open 
air without protection from the time of sawing until 
the time of test. In the case of the l-year test spec- 
imens, the sawing was completed well in advance of the 
date of test and the specimens were stored in a metal 
building for at least 10 weeks before testing. 

The apparatus used for this test is shown in Figure 5. 
The load was applied at the third points of the span, 
which was 30 inches. Tension was produced in the 
bottom of the specimen as cast. The conventional 
testing machine in which the apparatus was set up was 
operated slowly with a handwheel. The modulus of 
tupture was calculated from the combined dead and 


APPARATUS UsED IN MAKING FLEXURE TEsTs ON SAWED BEAMS 


pared, considering the strength of the hand-placed 
concrete as 100 per cent in each case. The results of 
this summary are shown in Table 5. 

The indications of these figures are in rather striking 
agreement with those of the tests of the 3 by 6 foot slabs 
at 22 days. It will be noted that the vibrated concrete 
generally shows higher flexural strength than does the 
hand-placed concrete. This is most noticeable in the 
case of the specimens having the limestone aggregate, 
and is also clearly indicated by the specimens having 
gravel aggregate. In the case of the specimens in 
which Haydite was used, the majority of tests indicate 
a slight superiority on the part of the hand-placed con- 
crete. It is also shown that of the three vibrating 
methods used, the Vibrolithic process yielded concrete 
of the greatest flexural strength. 

Comment has been made on the possible effect of the 
moisture condition of the specimens at the time of test 
on their flexural strength. Itis believed that the appar- 
ent general retrogression in strength between 90 and 
180 days is due to the fact that the specimens were in a 
drier condition at 180 than at 90 days. Special care 
was taken with the 1-year specimens, as has been noted. 

In general, the data show a normal increase in flexural 
strength except in the case of the Haydite concrete 
specimens, where a sharp drop in flexural strength took 
place between the 6-month and 1-year tests. The cause 
of this has not been determined. 
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Figure 6.—Errects or AGr, Meruop or PLACING, AND TYPE OF 


SHOWN ARE MEAN VALUES OF MODULUS OF 


RUPTURE 
TABLE 4. 


FOR 


‘TABLE 5. Flexural stre ngth of é by Po) by 36 inch sawed heams, 
expressed as a percentage of the strength of the beams taken from 


hand-placed concrete 


GRAVEL AGGREGATE 


Vibro- "le , 
Age a lithic mente . hee 
placec process im per mer 
DAYS Percent Percent Percent Jer cent 
, = 100 143 115 
= 100 lll a4 101 
180_... 100 122 100 107 
365 100 129 103 118 
Average. - .- 100 126 oy 110 
LIMESTONE AGGREGATE 
ia tninduninune 100 128 125 108 
sa 100 122 111 06 
Sea 100 147 139 140 
Piséertimesesenes 100 112 118 115 
Average... 100 128 123 117 
HAYDITE AGGREGATE 
Ee a eee er 100 124 120 
FS ee 100 98 92 
an Madininih ancirimininballighiwiesa-cqutnayepnigienuis 100 119 97 
eb aiecintnenbarandrncnninn da ideneeh 100 89 106 
;—— - - alae 
Rl cadotirh pb ertnncereisesaniowiataiaraarante | 100 107 104 


Dasu Lines INDICATE MEAN VALUES FOR LARGE Sut 


I LEXURAI 
FROM ‘Two 
aT 22 Days 


AGGREGATE ON 
SAWED BEAMS 
ABS BROKEN 


STRENGTH OF 
SLABS OF 


CONCRET! 
Ie ac H 


VALI 


(JIVEN 


yp 4 


After the l-year tests, additional specimens wer 
sawed from the slabs of Haydite concrete, dried fo1 
period of 25 days in a boiler room and tested at the av 
of 15 months. At this time the weight appeared to }. 
constant. The 15-month tests showed a decrease 
flexural strength over that of the specimens tested 
one year. This decrease averaged about 20 per cent 
of the l-year strength. Unfortunately there was not 
sufficient concrete available to attempt to determine the 
cause of this peculiar retrogression in flexural streng 
but it issuspected that it may be related to the moist 
retaining properties of this material, and further inves- 
tigation seems advisable. 

COMPRESSIVE STRENGTH OF 6 BY 8 INCH DRILLED CORES 


Tests for compressive strength were made on 6 by S 


inch drilled cores at ages of 28 days, 90 days, and 1 year 
These cores were drilled with a conventional steel! s)ot 
core drill from fragments of the 3 by 6 foot slabs used 
for the 22-day flexure tests. One core was drilled from 
each of the four sections of each 6 by 22 foot slal for 
each of the three ages at which compression tests were 
made. Within 24 hours after drilling the cores were 4 
capped with neat cement and stored in the open all, 
adjacent to the slabs from which they were taken, unt! 
they were tested. Correction was made for the length 


of the core in calculating the unit compressive strength, 
The data from these tests are given in Table ( an¢ 
the average values are shown graphically in Figure 7. 
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TABLE 6.—Comp 


Slat 
No t 
2 \G 
\ verage 
tar 
7 lar 
A verag 
cir 
Average 
I estone 
verage 
Limestone 
Average 
Limestone 
Average 
99 Limestone 
Average 
4 Hay ‘ 
Average... 


verage of 3 tests. 


90 DAYS YE 


> 
v 


HAMMER 
PLACED 
4 

TAMPER 

HAMMER 

ACEO 

TAMPER 

HAMMER 


ANDO 

eR 

LEC TRIC 
HAND PL 
- 

tc 

R 


METHOD OF 


Air hammer : 


Hand-placed 
3, 502 


4, 701 
4, 652 


V ibrolithic 


process 


4, 676 


Electric tamper rt 
4, 327 


4, 527 


3, 804 


Air hammer 


4, 210 


3, 863 
Hand-placed - | 3,136 


3, 500 


PUBLIC 
a 
| + 
| 
+ + 
| 
| 
} 
+ 
® DaY 
< 
w < a 
< 3 
| 2 
* a < 
> « 


3, AND TYP! 


90 da 
iay 

4, 830 4, 8S 
4, 302 4, 640 
4, of 2, Sle 
66 915 
675 640 

5, 520 77 
4,410 4,52 
4, 583 4, S1f 
4, AS 4, 665 
4, ¥20 00 
4, 780 5s0 
$4, 850 5, 590 
4,614 150 
4, 120 4, 900 
4, 367 5, 025 
4, 684 995 
5, 278 5, 825 
4, 981 910 
5, 429 5, 915 
4, S44 14,955 
5, 136 5, 435 
5, 277 5, 440 
4,810 1 5, 485 
5, 044 5, 462 
4, 375 4, 880 
4,015 4,485 
4, 195 4, 682 


All other values given are averages of 4 tests. 
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OF AGGREGATE ON COMPRESSIVE STRENGTH OF DRILLED CORES 

TABLE 6 Comp ess ngth of 6 by 8 inch drilled cores Con. 

Compressive strength 

— in pounds per square 
N . (Aggregate Method ng inch 

28 days 90 days | 365 day 

H lite ass 4,014 4, 590 5, 365 

. 4, 164 4, 684 5, 110 

Ay 9 4, 080 4, 637 5, 235 

Havdit ” 3,555 | 4,841 5, 558 

2 —— : 14, 091 4,428 5,410 

Average 3, 623 4,640 5, 484 


[t will be noted from these data that the concrete, for 
all methods of placing and for all three aggregates, 
shows a progressive increase in strength with age. It 
is also evident that the mechanical methods of placing, 
in general, result in higher compressive strength than 
is obtained by hand placing and also that of the three 
mechanical methods used the Vibrolithic process gave 
concrete of the highest compressive strength. 

In an effort to rate the four methods of placing used 
in this investigation, an average flexural strength and 
an average compressive strength was obtained for 
“ach method. In these average values are included 
all ages of test and all aggregates. The average 
strength is expressed, in each case, as a percentage 
of the strength of the hand-placed concrete of com- 
parable age and aggregate. The result of this com- 
parison is as follows: 


and Vibro- 


Electric Air 
placed bn tamper _ hammer 
Flexural strength! (sawed beams 100 120 108 113 
Compressive strength! (drilled cores 100 119 109 113 


1 Strength expressed as a percentage 
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Fictre 8.—R&£suME OF STRENGTH Data, SHOWING VARIATION OF FLEXURAL STRENGTH OF SAWED BEAMS, COMPRESSIVE STRENG 


oF DRILLED Cores, AND Mopvutvus OF ELASTICITY OF 


These values show rather strikingly that the method 
of placing influences the flexural and the compres- 
sive strength to an equal degree. All of the data 
are in general accord as to the effect of the methods of 
placing on the strength of the concrete. 

The concrete containing the Haydite aggregate 
compares very favorably in compressive strength with 
that containing the other aggregates and no retrogres- 
sion in compressive strength was found to occur. A 
limited number of cores were tested at the age of 15 
months. One half of these were in a saturated condi- 
tion and the other half were thoroughly dried. No 
marked difference in strength between the wet and the 
dry specimens was found. Moreover, no appreciable 
change in compressive strength between the 1-year 
and 15-month periods was observed. 

In comparing aggregates it should be remembered 
that the cement factor of the concrete containing the 


ae ae VIBROLITHIC 


DRILLED CorREs, WITH INCREASING AGE OF SPECIMEN 


Haydite was about one and one-half times that of the 
concrete containing the other aggregates. If tlie 
comparison is made on the basis of equal cement frc- 
tors (see Table 2) and all ages and methods of placing 
are averaged, it will be found that, from the standpoint 
of compressive strength only, the following relation 
exists: Compressive strens 
pounds per squart 
per bag of ceme 
cubic yard of « 


Type of aggregate 


Gravel ; = 129 
Limestone _ - i 123 
Haydite__-__- : 560 


If the reciprocals of the values of compressive 
strength tabulated above are obtained and multiplied 
by 1,000, an index is obtained which gives the number 
of sacks per cubic yard required per 1,000 pounds unit 
compressive strength in the concrete. Values of the 
index thus obtained are as follows: 
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Bags per cubic yard 
for each 1,000 


— per square 
neh Compressive 


Type of aggregate: 


strength 

Gravel 1. O76 
Limestone 1. O83 
Haydite _ - . 1. 786 


These values are, of course, useful only for comparing 
the costs of concrete of a given compressive strength 
when made of the materials used in this investigation. 

It should also be remembered that the weight of the 
concrete containing the Haydite aggregate is about 
105 to 110 pounds per cubic foot, as compared with a 
weight per cubic foot of from 145 to 150 pounds for the 
concrete containing the other aggregates (see Table 3 
and it will probably be found in the majority of cases 
that decreases in slab weight are of more economic 
significance than are increases in the cost of construc- 
tion of the slab itself. 

MODULUS OF ELASTICITY 


At each of the periods at which compressive strength 
tests were made the modulus of elasticity was deter- 
mined for each of the cores. The loads were applied in 
a universal testing machine operated by a handwhee!l 
The deformations were measured with a Martens 
tvpe of extensometer operating on a 4-inch gage length. 


TABLE 7.—Average values of modulus of elasticity of 6 by 8 inch 
drilled cores 
Initia odulus of ela 
Slab Avgvregate Method f } ne 
Nn euregat | placing 
28 davs 90 da\ 
Lbs. per sq Lbs. pers Lhe 
mm in 
> H ies , 4, 925, 000 6, 105, 000 5. 625. 000 
93 jUravel pa PaO ‘. 4, 377, 000 4, 165, 000 5. 147, 000 
Average 4,651, 000 5, 135, 000 5, 386, 000 
5. 110, 000 5, 876, 000 6.619. 000 
Gravel Vibrolithie ] . 4, 937, 000 5. 042. 000 5, 677, 500 
Average 5, 023, 500 5, 459, 000 6, 148, 250 
en 4, 280, 000 5, 742, 000 5, 544, TAC 
Gravel Electric tamper 5, 680, 000 | 5, 102, 000 5, 100, OOK 
Average ‘. 4, YSO, OOO 5, 422, 000 5, 324, 875 
acai air hammei { 4, 580, 000 110, 000 4, 759, 250 
Gravel pa Sawionnen te 4,491,000 5, 225, 000 6. 030, 000 
Average 4, 535, 500 5, 167, 500 5, 394. 625 
4, YOO, COO 5, 135, 000 6, 410, 000 
reste > ad placed . + Loo, i, 
H Limestone Hand placed 4, 490, 000 4,617, 000 620, 000 
Average 4, 695, 000 4,876, 000 6,015, 000 
: henlit ies 5. 085, 000° 6, 007, 000 7,889, 750 
Limestone Vibrolithie proce . 6,205,000 5, 970, 000 672, 500 
Average 5, 645, 000 5, O88, 500 7, esl, 125 
Limest : Electr tamper 5, 305, 000 6, 350, 000 6, 750, 000 
ECE SOM ee ee 5,010,000 5,350,000 15,893, 000 
Average > 5, 157, 500 5, 865, 000 6, 321, 500 
: ’ . 5, 700, 000 6, 190, 000 7, 130, 000 
Limestone Air hammer 4815000 5.415.000 6) 426, 000 
Average eda 5, 257, 500 5, 802, 500 6, 778, 000 
2, 240, 000 », 401, 000 > 450, 500 
Se Z i 2, 240, 2, 401, 2, 450 
Hay dite Hand placed 2,025,000 2, 290, 000 2, 437, 000 
Average nce 2, 132, 500 2, 345, 500 2, 443, 750 
. 3 . 2, 655, 000 2, 642, 000 3, 038, 000 
17 Haydite Vibrolithic proces 2'855,000 2.394.000 »' 935, 000 
A verage ‘ 2, 755, 000 2, 518, 000 2, 986, 500 
4 Plentrioa 2, 230, 000 2, 385, 000 2, 600, 000 
25 || ayeite menetete Conger... 2, 352,000 2,757,000 2, 660, 000 





Average 2, 291, 000 2, 571, 000 2, 630, 000 


‘Average of 3 tests. All other values given are averages of 4 tests. 
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(For a description of an instrument of this type see 
PusLtic Roaps, vol. 9, No. 8, October, 1928, The 
Modulus of Elasticity of Cores from Concrete Roads. 
by A. N. Johnson The precision of the deformation 
measurements is very high with this apparatus, and 
for the concrete used in these tests the stress-strain 
relation was linear up to unit stresses of several hundreds 
of pounds per square inch. It is the slope of this initial 
curve that is referred to in this report as the modulus 
of elasticity. 

The average values for each group of four cores 
obtained for each age of test from each of the large 
6 by 22 foot slabs are shown in Table 7, and these 
averages are shown graphically in Figure 8, where the 
effect of age on the modulus of elasticity 1s indicated. 

This graph also contains the data from the flexure 
tests on the sawed beams and from the compression 
tests on drilled cores plotted on a logarithmic time scale 
and gives a good summary picture of the data which 
have been thus far discussed 

[t will be noted in this figure that generally the value 
of modulus of elasticity increases with age. This effect 
is most marked in the case of the concrete containing 
the limestone aggregate and is barely noticeable in that 
containing the Haydite 

The modulus of elasticity of the concrete containing 
the Haydite aggregate is generally of about one-half 
the magnitude of that for the concrete containing the 
other aggregates. «is was consistently true through- 
out the considerab!e number of tests made (72 Haydite 
cores). Although che slope of the load-deformation 
curve was radically different for this concrete, the rela- 
tion appeared to be linear for moderate unit stresses ex- 
cept in the case of the 28-day tests, where curvature 
began at very low loads. 

The individual curves have been omitted because of 
their large number 


COMPRESSIVE STRENGTH OF 6 BY 12 INCH CONTROL CYLINDERS 


At the time that this investigation was planned it was 
realized that, during the construction and curing of the 
several slabs, there would be weather variations and 
that these might have an effect on the strength of the 
concrete. Any appreciable effect on strength would 
have to be considered in drawing conclusions about the 
variables under study. It was believed that if a group 
of 6 by 12 inch evlinders were made out of the concrete 
that went into each slab and that if these were exposed 
to the same conditions of curing and weather as the 
slabs themselves, then for each type of aggregate, varia- 
tions in strength between groups of cylinders would 
reflect the influence of the variations in temperature 
and humidity to which the concrete had been exposed. 

To provide these data, five 6 by 12 inch cylinders 
were made from concrete from sections 2, 4, 5, 6, and 
8, respectively, of each large slab. These specimens 
were fabricated in accordance with standard practice 
in steel molds resting on and covered with class plates. 
When 24 hours old they were removed from the molds, 
capped, and placed under the wet burlap which covered 
the slab from which they were made. The cylinders 
remained on the slabs until the burlap was removed 
and were then stored in the vicinity until they were 
ready for test at the age of 28 days. 

All of the data pertaining to the cylinders are given 
in Table 8. The water-cement ratio shown is a calcu- 

1 For a discussion of the effect of this low modulus of elasticity, see Jour. Amer. 


Conc. Inst., vol. 2, No. 2, October, 1930, p. 151, Construction and Design Features of 
Haydite Concrete, by F. E. Richart and V. P. Jensen. 
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lated value and the air temperature is a mean value for 
the 10-day period immediately following the placing of 
the concrete. Mean compressive strengths are shown 
for each group of five specimens, and the individual 
variations from the group means are tabulated. 


TABLE 8.— Test data pertaining to the 6 by 12 inch control cylinders 


GRAVEL AGGREGATI 
Compressi vé . 
strength v aria 
Slab | Section W ater- 10-day tior 
No No cement jtemper- rom 
—— ratio iture Individ group 
: Average iverag 
ual 
Lbs. per | Lhs. pe 
I sq. in sq. in Per cent 
2 3, 450 8. f 
4 3, 860 22 
{ | 0. Sf 69, 2 3, 900 3, 776 } 
6 3, 640 . 6 
. | 4, 030 6.7 
2 3, 470 5.0 
4 3, 110 5. 9 
ys 5 sf 53. 2 $. 350 SUM , 
6 ,, 240 2.0 
s i, 360 1. ¢ 
2 4,135 7.4 
4 3. 905 1.4 
10 5 S5 ‘Ss 3, 895 , 850 2 
6 3. 760 2. 3 
8 3, 555 7.7 
2 3, 706 2 
{ 3, 788 2.4 
12 5 Sf 62. 7 3, 843 3, HOS ;o 
6 3, 745 1.1 
5 3, 406 7.9 
2 3, 851 2. § 
4 4. 256 13 
] 5 Sf 64.7 s, 662 107 2 
6 , 378 If 
S 3, 638 ,. 2 
9 3, 246 4 
t 3, 229 2 
Is 5 sf 0.9 3, 248 234 4 
6 3, 246 4 
be 3, 199 1.1 
2 3, 791 5. 2 
} 3, 451 43 
21 5 86 43.5 3, 617 3, BOS 
6 3, 681 2.4 
8 3, 483 3.4 
2 2, 064 2. 5 
4 2, 942 | 2 
23 5 85 51. ¢ 3, 258 3, 040 4 7.2 
6 2, 990 | 1.6 
s + 045 2 
LIMESTONE AGGREGATE 
2 3, 200 , 0 
4 3, 300 0 
5 5 0.90 64.8 2, 940 +, 300 10.9 
6 3, 660 10.9 
s 5, 400 0 
2 3, 645 7 
4 3, 610 aw 
8 |} 5 d] 52.8 4,025 3, 672 9. 6 
6 3, 490 5. 0 
s 3, 590 2.2 
2 3, 345 6.3 
4 3, 700 3. 6 
ll 5 | €0.9 3, 675 70 2.9 
6 }, SSO 5] 
s s, 550 6 
2 4, 380 3 
4 3, 440 11.0 
13 5 91 62.9 4,065 3, 865 5. 2 
6 4, 030 4.3 
te] 3,410 s 
2 3, 499 0 
4 3,175 7 
16 5 91 64. 1 3, 056 3, 153 3.1 
6 2, 263 28. 2 
\ 8 3, 773 19.7 
2 3, 316 7.3 
4 2, 742 11.3 
19 5 91 54.8 3, O87 3, 090 l 
6 3,412 10. 4 
8 2, 893 6.4 
2 3, 023 2.1 
4 3, 190 7.7 
22 5 91 47.4 2, 891 2, 961 2.4 
6 2, 783 6.0 
8 2, 920 1.4 
2 3. 520 15.4 
4 2, 980 2.0 
24 4 5 91 47.4 3, 117 3, 051 2.2 
6 2, 388 5.3 
{ 8 | », 752 9.8 
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TABLES Test data perta nagtothe6 by 12inch control cylinders 
] / / 


Continued 





HAYDITE AGGREGATI 
Compressive 
trength Varia 
W tior 
~ “7 et per frot 
! Individ Average group 
ual iVerage 
Lhs. per Lbs. pe 
q 7 sq.i Pe 1 
é 4.050 ) 
4 4 320 tT 
‘ ~ 4, 380 4, 34S t 
‘ 1. 280 
‘ 4, ¥60 s 
2 4,750 , 
4 O30 ; 
4 860 4, S64 
4, 860 
4,820 J 
4,730 2.4 
t 5, 120 t 
4, 385 1, S84 ’ 
‘ vO 
‘ 4,610 1% 
- 4,122 
t 4, S61 o.4 
‘ j 4,343 $, OOS 6.0 
‘ 4 40 4 
s 259 ‘ft 
2 4,404 t 
} s ae A, tit 0.4 
4,217 dt 
4, S67 4 
2 4, 673 
$ 617 
x () OYO 
‘ 4. 643 is 
8 5, 112 i 


A st udy of these data was made in order to draw som 
conclusion as to the reliability of the indicated strengths 
for use as a basis upon which to compare the strengt! 
values obtained from the other tests. 

It will be noted that there is a reneral relation be 
tween the compressive strengths and the water-cement 
ratio. If all of the values for a particular aggregate ar 
averaged, it will be found that the following relatior 


eXists: 
A verag Aver 
Averag compre ah hn 
— water Sive tor 
sss cemen strength it , 
itio pounds per re 
square h ' 
Crushed ). 91 33 
Gravel ‘ Mt 3, O34 
Haydite 79 4, 652 


The variation in strength of the individual cylinders 
from the respective group averages was computed, and 
these data are included in Table 8, as previously noted 
From these variations it was found that 

96 per cent of the values show variations of 15 pe! 

cent or less: 


84 per cent of the values show variations of 10 
cent or less; 
75 per cent of the values show variations of 7.5 


cent or less; 

59 per cent of the values show variations of 5 per 

or less. 

The mean variation for all of the specimens from thew! 
respective groups averages is 5.2 per cent. | 

This analysis indicates that there is no abnormal 
variation in the strength data for the control cylincers 
when the number of specimens is considered. It «also 
emphasizes the desirability of having a greater nun 
of specimens than were available jn these tests, for an | 
investigation where the close determination of strengtli . 
is of importance. 


pel 


In spite of careful fabrication «nd 
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attention to the details of testing technique, unac- 
countable strength variations will appear in the data. 
Occasionally these are of rather large magnitude, but 
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The conclusion is drawn, therefore, that the data from 
the control specimens are normal in character although 





unless there are definite grounds in the history of the Tasie 9.—Average trength of groups of control cylin- 
. ‘ ° » ¥ Y / ( § co pe red Lith ¢ ) LO-¢ re oT 
-pecimen for rejecting the data they must be retained fers compa lay mean air temperature 
and included in the averages. Their effect may be 
minimized by conducting a large number of tests. Grave ; ed-ston¢ Haydite aggregate 
In order to examine the data from the cylinders with 
respect to effect of temperature, as indicated by the 10- ~~ een 
; . remper ' ee 
day mean air temperature, the average compressive , ture | "wength 
strengths were arranged in the order of descending 
temperature values in Table 9. While there appears Lbs Lbs. per Lbs. per 
° ° : ° ‘ } g i I sg.%n 
to be some indication of an Increase in compressive 69. 2 ( 64.8 00 71.8 1 398 
strength with an increase in the average air temperature ~p oo; | a 
t ; ’ — al 3 ry "008 
over the 10-day period in the case of the specimens 6. 4, St4 
‘os . . ~ 090 5.0 4,847 
containing crushed stone and eravel aggregates, the 672 38.0 5, 037 
relation is not established and there is no such indica- s 
tion in the case of the specimens containing Haydite. 
TABLE 10 Com pressive strengths of drilled cores ar ngtl awe centages of strengths of 
es por ng co nu ¢ 
, LD ‘ re é t ¢ t ir¢ per juare 
. rene Perce | Perce Percent 
; 4] ‘ ‘ ice il ive of 
; \ 
Hand | : HOS j ) 4 0% {8S Pp” 
a . O40 s S1e 10s. 9 4, 3 H ‘ { j s. ( 
Ave ‘ ( ( ( 16.8 
i \ ( 4. 7H 2. ¢ 42 s 716 0 
: 4.5 2 ( S s 3s 9 ¢ 
Average 12s. 1 tt ‘ : 9.3 
" or } 20.2 4,4 4, 4 f 32 16.1 
. Electric tamper O34 2 2 1 58 "1.67 4s rT 1s 628 19.4 
A verage 21.4 7 42.8 * 6.7 17.8 
0 Seen S50 4,137 107.4 +, 920 27.8 600 145.4 { 4 42 590 15 
A pEEICE } 605 4173 115.8 4,780 132.6 s\ 54.8 i { 7.0 736 20. 4 
Average ( QO. 2 ¢ 7.8 
LIMESTONI 
3, 86. 3. 471 89.8 4,614 119.4 0 3. 2 42 10.9 23 13 
{ Hand placed i () , 4532 Ts 4. 12 5 0 4. 900 6 4¢ M1 Ne 16. € 9 22 ¢ 
\Vverage 102 8 27.2 if gf 13.8 18.0 
5 300 4.70 142 4 4. 84 41.9 99. S S 23. 4 710 21 710 21 
Vibrolithic 3 153 $652 147 O7% 167.4 5 82 84 . s 660 0) 50 0. 6 
Average 144.9 154. € ‘ s 4.0 21.2 21.0 
E] 3,672 | 4,444 | 121.0 429° (147.8 ’ 160 20 647 17. ¢ 745 20.3 
, ectric tamper ; 0O0 4.210 136. 2 4844 156.8 4 60 s s 21. ¢ H4 20.9 Hx4 22. 1 
Average 12s. ¢ 2 t { 19. 2 21.2 
70 4,52 126i. 27% 147.8 440 24 19 0 680 0 720 20. 2 
Air hammer 2 06] 3’ £04 13] 4 810 162. 4 1NF R52 ( { 619 20.9 678 29 9 
A verage 120. 2 . 1 68.8 19.9 16 
HAYDITI 
I inl 4, 30S 3,863 S7_S 4 37 9 4&8) 0 4( ) $ ( 196 11 $0). 6.4 
land placed 4, O08 $, 136 76. 5 4,0 is. 0 4, 45 100. 4 4" s 72 91 264 ». 3 
Average 82.2 98.8 110. 2 6 { 10. 2 6.1 
4, 864 1.014 82.5 4, 590 04.4 5, 365 110 4 4 ry 2.4 476 8 232 1.8 
Vibrolithie 4, 665 4, 165 89.3 1. 6-4 100. 4 5.110 109 65 4 ( ) 555 11.9 275 9 
A verage 85.9 97.4 109. 9 11 12.2 10.8 5.4 
‘ 4,847 3,555 73.3 4,841 99.9 5,560 114.7 57 11.8 541 11.2 433 8.9 250 5.2 
» lectric tamper 5, 037 4, 091 81.2 4, 428 87.9 5, 410 107.4 503 10.0 543 11.0 407 3.1 355 7.0 
\ verage 77.2 43.9 111.0 10.9 11.1 
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somewhat deficient in number, and that the lack of an 
adequate number of specimens probably accounts for 
the failure to establish the relation between curing 
period temperature and compressive strength. 

In Table 10 and Figure 9 are shown the compressive 
and flexural strength data obtained from the various 
slabs at ages of 1, 3, 6, or 12 months. These data are 
expressed as percentages of the average compressive 
strength of the group of five cylinders tested for each 
of the particular slabs involved. In other words, the 
strength of this group at 28 days is taken as 100 per 
cent and all other test values related to it. It should 
be observed that Table 10 and Figure 9 do not afford a 
direct comparison of the strength of concretes made 
with different aggregates. They serve rather to in- 
dicate the extent to which the strength characteristics 
found in the control cylinders were realized in the 
finished concrete 
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It will be noted that when the relative strengths of 
the concretes containing the three different aggregates 
are taken into account the trends and relationships 
shown by Figure 9 are practically the same as those 
expressed by the strength data before they were modi- 
fied by the data regarding the control specimens given 
in Figure 8. 


RESULTS OF STRENGTH TESTS SUMMARIZED 


The data obtained from tests of flexural and com- 
pressive strength indicate that 

1. Mechanical methods of placing resulted in greater 
flexural and compressive strengths than hand placing in 
the case of the concretes containing gravel and crushed- 
stone aggregates 

2. In the case of the concrete containing the Haydite 
aggregate, mechanical methods of placing produced 





concrete of higher compressive strength than hand 
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FiGuRE 9.—FLEXURAL STRENGTHS OF SAWED BEAMS AND COMPRESSIVE STRENGTHS OF DRILLED Cores, EXPRESSED As | 
CENTAGES OF COMPRESSIVE STRENGTHS OF CORRESPONDING CONTROL CYLINDERS 
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placing. The effect of vibration on the flexural strength 
seems to be uncertain, and this may be due to the tend- 
ency of the materials to segregate according to their 
specific gravities when subjected to vibration. 

3. The increases in flexural and compressive strengths 
due to mechanical placing are considerably more marked 
in the case of the angular aggregate than thev are in 
the case of the rounded aggregate. 

4. There is a normal increase in compressive strength 

with age for all materials and methods of placing. 
5. A general increase in flexural strength with age 
occurred with both the crushed-stone and gravel aggre- 
gates, while for some reason not disclosed by these 
tests a continued retrogression in flexural strength 
occurred after 90 days in the concrete containing Hay- 
dite aggregate. 

6. Of the three methods of mechanical placing em- 
ployed in this investigation, the Vibrolithic process had 
the greatest effect on strength. 


BOND STRENGTH OF EMBEDDED STEEL BARS 


In order to develop information concerning the effect 
of the aggregates and methods of placing on the bond 
strength of embedded steel, a rather comprehensive 
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series of bond tests was included in the program. Rein- 
foreing bars of two sizes, each size of both plain and 
deformed types, were embedded both vertically and 
horizontally in each of the 11 types of slab. In all, 176 
tests were made. The construction of the specimens 
used in these tests was unique in some respects and for 
this reason will be described in some detail. 

T'wo-foot lengths of either deformed or plain round 
bars were embedded in sections 1 and 8 of each of the 
larze slabs. The deformed bars were used in the first 
series of 11 slabs and the plain bars in the second series, 
With the exception that deformed bars were used in 
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slabs 23 and 24, and plain bars in slabs 12 and 13. 
The 1-inch bars were placed in section 1 and the \%-inch 
bars in section 8 in all cases. The depth of embedment 
was 6% inches for both the vertical and horizontal 
positions. 

The vertical bars were passed through holes in the 
bottom of the slab form and were secured in such a 
position that the desired embedment was obtained. 
The upper end was capped with a large cork. After 
the finishing was completed and the concrete had 
hardened, the cork was removed and the end of the 
bar exposed. This permitted a measurement of slip 
to be made on these specimens 
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In the case of the bars placed horizontally a somewhat 
different scheme was adopted. The embedded end of 
each bar was drilled axially and tapped to receive a 
piece of \-)nch drill rod 18 inches in length. This rod 
was sheathed with close-fitting tube of thin aluminum, 
which served to prevent any bond between the con- 
crete and the drill-rod extension. The bars were in- 
serted through horizontal holes in the ends of the slab 
forms at the mid-depth of the slab. The bar in bond 
extended into the concrete 6% inches and the drill-rod 
extension continued entirely across the remainder of 
the slab section, the end being supported in a hole in 
the first transverse wooden separator. This served to 
hold the bar in position during the placing of the con- 
crete and later, upon removal from the forms, to expose 
the extension to the embedded end of the reinforcing 
bar, permitting measurements of slip to be made. 

Sections 1 and 8, illustrated in Figure 1, were both 
divided into two equal parts by a short longitudinal 
separator, which served to facilitate the handling of 
the bond specimens 

The tests were made in a universal testing machine, 
the specimens being supported on a large spherical 
bearing block provided with a radial hole which allowed 
the projecting bar to extend through the block. This 
block was mounted on the fixed head of the testing 
machine, through which the projecting end of the re- 
inforcing bar passed to be engaged by the grips in the 
movable head. A rubber cushion was placed between 
the specimens and the bearing block. During the test 
the head of the machine was lowered, by power, at a 
rate of 0.05 inch per minute (idling rate), thus exerting 
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Horizontal embedment 


pms 
252 
TABLE Bi. Unit bond stress at aniti 
DEFORME 
Slab ara em +} l-inch bars 
No Aggregate Method 
lest 1 lest 2 
23 Hand placed - 473 1,310 
4 |. a Vibrolithic 640 = :1, 132 
7 sFavel..... Electric tamper 1, 190 1, 42¢ 
10 Air hammer 1, 318 1, 552 
24 ) Hand placed _-. 634 306 
& lin Vibrolithic 1,1 1, 369 
8 i rushed stone Electric tamper 1,562 1,84 
ll Air hammer 1, 190 1, 270 
3 | Hand placed 542 457 
6 >Haydite._..- Vibrolithic 770 1,019 
9 |} [Electric tamper OSS 1, 062 
PLAIN 
12 Hand placed _. 310 
15 |. er } Vibrolithic 261 108 
18 seavO! pope tamper 237 275 
21 Air hammer 292 351 
13 Hand placed -- 16 82 
16 |\censhed stone Vibrolithic 25 157 
19 SUSHCS St0ne.. | Electric t ymper ) 31 
22 Air hammer { 230 
14 ] {i ind placed 22¢ 258 
17 |; Haydite--- Vibrolithic 210 297 
25 | (Electric tamper - 104 431 


tension in the bar and tending to withdraw it from the 
concrete. 

The initial and progressive slip of the steel in the con- 
crete was determined by a micrometer dial reading in 
ten-thousandths of an inch. This dial was supported 
by a heavy base which rested on the upper surface of the 
concrete specimen. The stem of the dial rested against 
the embedded end of the reinforcing bar, or its extension. 
Figures 10 and 11 show the way in which the bond 
specimens were set up for test. 

The weighing beam of the testing machine was kept 
in balance as the load was applied and readings of load 
were taken at the point of initial slip, at the maximum 
resistance to slip, and at intervals of 0.01 inch slip up 
to the point where slippage was too rapid to record. 
As an aid to the accurate determination of the load at 
the instant of initial slip, a small electric light situated 
in front of the testing-machine operator was placed in a 
circuit which was broken by the first movement of the 
steel bar in the concrete. The operator was thus able 
to keep the machine balanced and still catch the load 
reading at the desired instant. It is believed that in all 
cases the first load reading was obtained before the 
bar had slipped one ten-thousandth of an inch. 

The age of all of the specimens at the time of test was 
nine months, and during this period they were stored 
out of doors. 

The load in pounds per square inch of bond area at 
which initial slip occurred is given for each test in Table 

11, and these same data are shown graphically in Figure 
12. 

Figures 13, 14, and 15, show the load-slip curves for 
all tests with the plain bars. In the tests with the 
deformed bars, as soon as the bond was broken the bars 
began to exert a wedging action in the concrete, and 
failure occurred either by rupture of the bar in tension 
or by a splitting of the concrete block. 

The initial unit bond resistance of the deformed bars 
is consistently much higher than that of the plain bars 
as indicated by the values in Table 11. The 1-inch 
plain bars developed, on the average, only 26 per cent 
of the resistance of the deformed bars of the same size. 


al slip, in pounds pe square 
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Vertical embedment 
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The ! -inch plain bars developed 90 per cent ol the re 
sistance of the \-inch deformed bars. 

The size of the bar appears to influence the unit bond 
resistance. In the case of the deformed bars the 1-incl 
size consistently shows higher bond values than thi 
'4-inch size, while for the plain bars exactly the revers: 
is true. This is shown in the following summary: 


Deformed bars bond stré 
1 inch, horizontal embedment : 1, O64 

‘6 inch, horizontal embedment vit 

l inch, vertical embedment 1, 04 
inch, vertical embedment S64 


Plain bars 
1 inch, horizontal embedment 


4 inch, horizontal embedment 30S 
l inch, vertical embedment 304 
6 inch, vertical embedment Nt 


The data indicate that, on the average, the bars 
placed in a vertical position developed about 15 pe 
cent more bond resistance than those which were hor 
zontal. 

A study was made to determine whether or not th 
materials from which the concrete was made affected 
the bond strength. Classifying the data according to 
materials and averaging all values, the following values 
are obtained: 


Unit bond resistance at initial slip 


Haydite ‘. 
CGiravel 7) 
Crushed stone 4 


Thus it would appear that for the low resistence 
values developed by the plain bars the materials use: 10 
the concrete did not have an appreciable effect, but that 
for high bond-resistance values, such as were developed 
by the deformed bars, the aggregate does affect the 
unit bond resistance. It is noted that the variations!" 


these data are in the same sense as the modulus 0! 
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clasticity values for the three materials although con- l esistance at initial sli} 


iderably different in degree. 

Passing now to a consideration of the effect of the . a 
Various methods of placing used in this investigation on sia its bars 
the initial unit bond resistance, we find that the bond 


strength of the deformed bars was very noticeably ,, — une. per og. tm. Lhe. per oq. te 
increased by the use of vibratory methods. In the Vibroiltnie. 309 oa 
ease of plain bars the effect is much less marked. The {!8ric tempe a oo 
following summary shows very clearly the effects just 


nentioned: 
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FIGURE 13, 


In the tests in which the plain bars were involved the 
indicated unit bond resistance at the initial slip very 
probably represents true bond between the steel and 
the concrete. With deformed bars, however, it is 
probable that the values measured are a combination of 
bond and shear. 

The wedging action of the deformed bars was so 
marked that in about four out of every five tests the 
concrete block was split or the steel bar failed in tension. 
Of the ten 1-inch bars which were actually pulled out, 
six were from hand-placed concrete specimens and 
showed honeycomb around the bar. Of the seven 
¥-inch bars actually withdrawn, four were from hand- 


placed concrete showing honeycomb, and all seven of 


the bars were stressed beyond the elastic limit. 
In all of the tests of plain bars the steel was withdrawn 
without exceeding the elastic limit of the material. It 


LOAD-Sitip Curves FOR Bonp TEstTs OF PLAIN RouND Bars IN GRAVEL CONCRETE 


will be noted, in the load-slip curves for these spec: 
mens, that in many cases the maximum resistance did 
not develop at the initial slip but after a very slight 
movement had occurred. It is probable that this wa- 
true in all of the cases, but that the precision 
measurement was not sufficient to have it show in tli 
data. 

These bond tests indicate that— 

1. The apparent unit bond developed by deformed 
bars is consistently much higher than that developed !y 
plain bars in the same concrete. This comparison is 
made at the loads at which the first slip was detecta! le 
with the apparatus used in these tests. 

2. The size of the bar seems to influence the apparent 
unit bond. With plain bars the \-inch size shows 


higher values than the 1-inch size, while with deformed 
bars the reverse is true. 
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FIGURE 14. 


3. In general, the bars placed in a vertical position 
developed somewhat greater bond resistance than 
those placed horizontally. 

4. Where slip occurs at comparatively low load, as is 
true of the plain bars, the aggregate in the concrete does 
not affect the resistance developed, but where deformed 
bars are employed the type of aggregate does influence 
the resistance to a considerable degree. 

5. The method of placing used affects the bond re- 
sistance, the effect being more marked in the case of the 
deformed bars than in the case of plain bars. The 
vibratory methods of placing resulted in better bond 
than was obtained by the hand-placing method. 


Loapb-Siie Curves FoR Bonp TEsts OF PLaIn Rounp Bars IN STONE CONCRETE 


TESTS OF THE REINFORCED SECTIONS 


As has been noted previously, two sections of each 
of the large slabs were reinforced with mats of steel 
bars of the same size and in the same amount as was 
being considered in connection with the design of floor 
slabs for the bridge. At the age of 6 months these 
sections were subjected to bending tests, observations of 
slab deflection and strain in the concrete being made. 
The details of the arrangement of the reinforcement in 
the concrete are shown in Figure 16. 

The steel used consisted of %-inch deformed bars of 
intermediate grade. ‘The mean cross-sectional area of 
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Figure 15. 


these bars was measured and found to be 0.191 square 
inch. The elastic limit averaged 47,355 pounds per 
square inch (maximum 51,990, minimum 44,240) and 
the ultimate strength ranged from 84,400 to 72,040 
pounds per square inch. The average percentage of 
elongation was 21.2 per cent. All of the specimens 
satisfactorily passed the cold bend test. 

Figure 17 gives a general view of the way in which 
the reinforced sections were set up in the testing ma- 
chine. The weighing table of the machine used is 
provided with wing extensions, and the slab supports 
rested on one of these. A 60-inch span was used and 
the load applied at the third points of this span by the 
framework shown in the figure just referred to. Hori- 
zontal freedom was provided at both load and reaction 
points by rollers acting against narrow steel plates 
embedded on the surface of the concrete. There were 


Loap-Siip CurvES FOR Bonp TEstTs OF PLAIN RounpD Bars IN HaypbITE CONCRETE 


no particularly unusual features in the test set-up al 
the details will be omitted. 


Deflection of the mid-point of the slab was measur 


with a micrometer dial reading directly in ten-tho 
sandths of an inch and supported by a stiff tubu 
steel bridge provided with steel legs which rested 
points set in the upper surface of the slab over 
reaction supports. One of these legs was provid 
with a degree of horizontal freedom to take car 
temperature and bending displacements. This ap] 
atus is shown in position in the general view, Figure 
The deflection data were obtained on both secti 
from each of the 11 large slabs of the first series 
the observations were made after each 5,000-po 
increment of load had been applied. These data 


given in detail in Table 12, and the load-defle 
curves are shown in Figure 18. 


a 














December, 1931 PUBLIC ROADS 


























































i FIGURE 17..-GENERAL VIEW OF ARRANGEMENT FOR TESTS OF 
u cbc REINFORCED SLAB SECTIONS 
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TABI E 12 D tarled record of tests of} reinforced concrete slab 4 yOU0 pyre 0362 s nas 
- - 10,000 0489 ‘ } 
sections 55,000 0637 O7 48 WY2 ou 
60,000 O704 ISAS S4 
SLAB N¢& HAYDITE, HAND PLACED; SLAB THICKNESS=8%4 Load at he 
INCHES irop. pound f SK 


SLABNO.6, HAYDITE, VIBROLITHI SLAB THICKNESS=s8!,1N 


HES 


Stresses in section 3, in pounds per 


square inch 











5,000 0. 0088 10. 00 138 (46 
10,000 OO7TS Ort WIT M4 1s ou) 205 he | 440 
. pound ( or ( or- 15,000 O113 0122 s 0144 
rected rected 20,000 0163 0169 A 0202 169 §37 528 521 Ttit 
ec- sec- m to Gage (rage Crage ss to 25,000 (224 0239 932 2R3 
tion3 tions €8" ginch| No.1) No.2! No.5 €8"/ginch 30,000 0328 | .0339 407 124 022 31 959 «1, 3% 
thick- thick- 35 000 0466 0508 0594 
ness ness 40,000 O50S8 0659 OTHE 320 1, 365 1, 386 1, 357 2, 000 
$5,000 O74 ON (458 
50,000 0948 ogg O72 mS TRY 1, 966 2, 046 1, 034 2. 840 
nn 0. 0045 0. 0044 0. 0044. 0. OOAS Load at bean 
O00 0003 oov1 oou O1ol 210 240 46 232 276 drop, pounds. _ 54, 385 3, 87 4,180 |47, 950 
wo o142 OLS! O146 O160 
0,000 0205 0217 0211 0232 is) 540 H4 530 630 
+0, 000 O285 0208 (292 0321 SLAB NO. 7, GRAVEL, ELECTRIC TAMPER; SLAB THICKNESS 
000 0433 OASS O460 0505 1, 026 1, 026 1, 056 1, 036 1, 234 S INCHES 
000 O5SS O64 O681S 0680. 
4.000 0755 0806 O7S0 O857 | 1,506 1,494 1,554 1,518 1, 800 
45.000 OS9O 063 OV26 1018 5,000 0.0025 0.0021 0.0023 0.0023 
} OO 1123 1238 1, O86 1,980 2,058 2,008 2, 390 10,000 0052 OO4S 0050 0050 273 230 x01 268 ithe 
; | i at beam 15,000 OON7 OOSS OORE OOR6 
p, pounds _ 54,895 50, 000 52, 448 50, 800 20,000 _ . 0152 O153 0152 0152 904 718 | 1,004 R75 R75 
‘ 25,000 0291 0265 0278 
. 30,000 O448 0421 0460 0460 995 1,880 | 2,439 2,105 2,105 
QR “1 9 
SLAB NO. 4, GRAVEL, VIBROLITHIC; SLAB THICKNESS=8}4 INCHES 40.000 ORS6 O75 0806 | 0806 2,727 | 2,741 | 3,300 | 2,923 2,923 
C = - 45,000 1075. OR91 WR3 . 0983 
| ‘ 50,000 1058 
u LL " 0.0015 0.0019 0.0017 0.0021 Load at beam 
if 10,04 0025 0039. O82 0040 368 204 250 304 358 drop, pounds 48,260 54,535 51,398 51, 398 
l he 0051 0064 0058 O72 
'- 20,000 0067 0098 | . 0082 0102 647 603 544 598 680 
- 25,000 0121 0144 0132 | .0165 ! ‘ - : ee ee aad . _ ‘a had : 
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ns 35,00 _.. 0292 | 0337-0314. 0393 INCHES 
| on 0424 | .0497) 0460 | .0575 2,176 | 2,205 | 1,983 2,121 2,410 — os ———— 
rie 45,00) . 0554 | . 0625 0590 0738 - ms 5,000 0.0019 0.0019 0.0019 0.0021 
nd hes aie sagt ee a 0764 0726 | .0908 | 2,881 | 2,901 | 2,600 2,794 = 3,170 40 O99. : 0038 .0040  .0039  .0043 287 | 239 306 | 277 294 
q Saad ot Wn - 5 : 15,000 Resacca) cP | te SOT GIN Jacuuedeliacanenlsaetaustesncesecune 
ire A a eam 
di pounds... 59,875 54,390 57,132 53,600 1 Lower steel displaced in section 3. One bottom bar out, mat raised ‘44-inch, moved 
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Figure 18.—Loap-DEFLECTION CuRVES FOR REINFORCED SLAB SECTIONS 


12, No, 10 

















December, 1931 


PUBLIC 


TABLI 12.- Detailed record of tests of reinforced concrete lah 
sections Continued 
SLAB NO, 8, LIMESTONE, ELECTRIC TAMPER; SLAB THICKNESS 
844 INCHES—Continued 
Deflection in inches Stresses in section 3, In pounds per 
square incl 
Cor Cor 
Load in pounds rected rected 
eK Se¢ to (rage (rage (rage . to 
tion tion f Me 8-inch No No. 2) No. 5 Mean | incl 
thick thick 
1€SS i 
20,000 0076 .0092 . 0084 0093 734 545 753 677 720 
25,000 ~O112 O167 0140 0155 ‘ : : 
30,000 . 0178 0217 0198 .0220 1,276 1,343 1,417 1,345 1, 430 
$5,000 .0279 .0360 .0320 0355 : 
40,000. 0418 0519 0468 0520 | 2,233 | 2,300 2,185 2,239 2, 3580 
45,000 0552 0679 0616 . 0684 |..__. ae ican 
50,000. 0695 0847 0771 O856 3,046 3,113 2,997 3,052 $, 254 
Load at beam 
drop, pounds. 60,015 58,730 59,372 57, 500 
SLAB NO. 9, HAYDITE, ELECTRI( rAMPER; SLAB THICKNESS=8 
INCHES 
000 0.0050 0.0051 0.0050 0. 0050 2 
10,000 0107 0110 O10S ~ 0108 306 282 252 280 280 
15,000 0165 0190 0178 OL7S8 
20,000 0250 O28] O26 0266 630 696 600 642 642 
25,000. . 0349 0407 O378 O37S8 
40,000 0516 O5S87 0552 0552 1,114 1, 23¢ 1, 092 1, 147 1, 147 
$5,000 - 0661 O760 0710 0710 
40,000 O84 0033 OSY1 OSY] 1, 576 1, 704 1, 5O¢€ 1, 595 ] 5 
45,000 1009 1109 1059 1059 
Load at beam 
lrop, pounds 49,410 48,730 49,070 49,070 
SLAB NO. 10, GRAVEL, AIK HAMMER; SLAB THICKNESS=816 INCHES 
5,000. . 0.0021 0.0022 0.0022 0. 0023 
10,000 OO45 OO51 OO4S . 0050 10 256 256 7 28] 
15,000 OO75 OOS6 O0OSO O04 
20,000. . 0120 0130 O12 0131 O04 ‘SU Hor 6 674 
25,000 0183 O192 O1SS U1YS 7 . 
30,000 0297 0301 0200 0315 1,39 1,421 1,332 | 1,383 1, 426 
55,000. 0442 0436 0439 0462 
40,000 O597 0590 0504 O62 2, OW 2, 202 2, 074 2,12 2, 190 
45,000. O738 O752 O745 O784 
10,000. . OSS5 0031 2,829 2,919 2,740 | 2,829 2, 920 
5,000 _ . 1040 1095 
Load at beam 
drop, pounds... 56,675 57,085 56,880 56,000 
SLAB NO. 11, LIMESTONE, AIR HAMMER; SLAB THICKNESS 
INCHES 
» 000 0.0022 0.0024 0.0023 0. 0023 
0,000. 0047 O047 004 OO47 79 325 325 310 310 
15,000. 0070 OO7TS5 0072 OOT2 A 
20,000 .0110 O112 O1l1 O11 9 743 743 748 748 
5,000 O15! 0173 O1f2 0162 . 
1,000. _. 0227 =. O26 O24 0246 1,39 1,394 1,441 | 1,410 1, 410 
000. 0334 0417 OST 0376 
10,000 0464 O559 0512 0512 2,309 ! 2, 371 2, 345 2, 345 
000 OSS? 0712 0650 0650 
000 0724 OS61 o7a2 0792 099 ll $+, 161 3, 12 3. 125 
000 OS46 1034 O40 0040 
vad at beam 
lrop, pounds_. 60,590 58, 420 1,505 59, 500 
AB NO. 12, GRAVEL, HAND-PLACED; SLAB THICKNESS=8 INCHES 
ww) 0.0030 0.00380 0. 0030 0. 0030 > 
100 . 0068S 0070 0069 0069 $58 458 307 438 438 
100 0114 0125 0120 0120 = 
20,000 0172 0214 0193 0193 1,038 1,038 901 992 992 
25.000. . 0269 0343. 0306 0306 ‘ 
0,000 0415 .0506 .0460 .6460 1,832 1,816 1,705 | 1,784 1, 784 
35.000 . 0545 O674 0610 0610 = 
40,000 is 0701 ON44 0772 O772 2,626 | 2,564 2,583 | 2, 59 2, 591 
45,0000 . OR68 1030 .0949 0949 ae 
50,000... 1038 122 1132 1132 3,389 $205 3, 285 3, 29. 293 
Load at beam 
yp, pounds... 55,040 55,000 55,020 55, 020 
SLAB NO. 13, LIMESTONE, HAND-PLACED; SLAB THICKNESS=8 
INCHES 
5,04 ean 0. 0031 (0. 0028 |0. 0030 0. 0030 5 ee 
10, . 0067 | .0060 | .0064 . 0064 295 372 308 325 325 
15,( .0105 | .0097 | .0101 | . 0101 ‘ ¥ a 
20, 0169 | .O151 0160 0160 796 SYS SSO S860 860 
25,( 0283 | .0238 | . 0260 0260 ‘ 
30,01 0427 | . 0418 | .0422 | .0422 1,579 | 1,694 | 1,554 | 1,609 + =1, 609 
35,0) . 0581 | .0612 | .0596 | .0596 |_..-. : - 
40,0 -0731 | .0827 | .0779 | .0779 = 2,208 | 2,375 | 2,260 | 2, 281 2, 281 
45,000... . 0873 | .1061 | .0967 | . 0967 
Load at beam 
drop, pounds. 53, 990 47,320 50,655 50, 665 


ROADS 


Strain measurements were made in one of the two 
reinforced sections from each of the 11 large slabs of the 
first series and the observations were made after each 
10,000-pound increment of load had been applied. 
Strains in the concrete were measured at five points in 
the upper surface of the slab, the location of which is 
shown in Figure 19. These measurements were made 
with a hand strain gage between brass points set 8 
inches apart. Corrections were made for temperature 
changes in the gage. The data obtained are given in 
detail in Table 12 and shown graphically in Figure 20 
where the average stress across the transverse axis of 
the slab is plotted as a function of the total load. The 
observed strains at the other two gage lengths along 
the longitudinal axis of the slab were used as a check on 
the distribution of stress in the middle third of the slab. 
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Figure 19.—-GaGsE Layout ON REINFORCED SLAB SECTIONS 


In converting the observed strains into the stress values 
given in Table 12, each value was multiplied by the 
modulus of elasticity the concrete for that particular 
slab, as shown by the tests made at the 90-day age. 
These values of modulus of elasticity are very probably 
au few per cent lower at 90 days than they were at the 
time the reinforced sections were tested. Inspection of 
the data on the effect of age on the modulus of elasticity 
indicates that this difference would be small. (See 
Table 7 

in Table 13 certain load and strength data for the 
reinforced slab sections have been assembled for pur- 
poses oI comparison 


ol 


The first two columns give the 
load on the slab at the time when the load-stress and 
and load-deflection curves respectively change in slope. 
It is realized that there are not a sufficient number of 
observations to fix this value very accurately, and the 
values given in the table were determined by proje«ting 
the initial and final slopes to their point of intersection. 
It is quite possible that the change in slope was gradual 
and that this change began at a lower load than 
tabulated. 

Column 3 contains the modulus of rupture of the con- 
crete as determined by the tests of the sawed beams atthe 
age of 6 months (the same age at test as the reinforced 
slabs). Columns 4, 5, and 6 contain stress values (in the 
concrete) arrived atin various ways. These values were 
computed in each case for the load A (Table 13) which is 
the load corresponding to the change inslope of the load- 
stress curve. Columns4and 5containstress values com- 
puted for the lower and upper surfaces of the concrete 
in the middle third of the slab. 


is 


These values were 
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TABLE 13 ( ‘omparative load and stress data for re inforce d sections 


HAYDITE CONCRETE 


Load in pounds 


Modu-| Computed _ stres. in 
it change of lus of pounds per square 
slope rupture inch for load A 
of 
sawed 
Slab beams, 
Method of placing : in Strain 
No 
Load Load- | pounds x mod 
tress  detlec- per (Bottom Topof) ulu 
curve tion square of slab slab of elas 
load A) curve inch, ticity? 
age 6 s=61 
months 
l (2 (3) i 5 6 
Hand placed $17, 500), 18, 000 404) sf} 485 110 
Vibrolithic process 5 6 10, AK 22 OOO 476 51s 515 10 
Electric tamper 9 16,250 16, 500 433 458 162 1 
LIMESTONE CONCRETE 
Hand placed 13) 13,750 16, 500 123 161 13F 140 
Vibrolithic process 28,250 27, 500 710 817 803 660 
Electric tamper 8 22,250 20,000 647 711 693 700 
\ir hammer ll 621,500 22, 500 680 714 690 
GRAVEL CONCRETE 
Hand placed 12 16,20) 17,000 610 48 21 70K 
Vibrolithic process 4 °°) OOO 2?) 500 636 662 643 Hao 
Electric tamper 7 16,000 17, 500 46 554 519 40 
Air hammer ‘ 10) = 18,000 18, 500 545 574 2 40) 
Strain is the average of 3 gages on transverse axis of slab 


? Average modulus of elasticity from 90-day tests of cores from th 


computed by the usual flexure formula, taking into 
account the actual dimensions of the slab and the 
amount and position of the longitudinal steel present 
in it. The ratio between the moduli of elasticity of 
the steel and of the concrete was computed on the basis 
of a value of 30,000,000 pounds per square inch for the 
steel and the value shown by the 90-day core tests for 
the concrete. Column 6 was computed from the meas- 
ured strains in the concrete in the upper surface of the 
slab and the modulus of elasticity determined for the 
particular slab in question from the 90-day cores. 

In Figure 21 a comparison is made of the relation 
between the various slabs as to 

(a) Load at which a change of slope occurs in the load- 
stress curve, and 

(6) Modulus of rupture of the concrete at 


< 


the same 
ive. 

A study of the data in Tabie 13 and Figure 21 clearly 
indicates that the change in slope of the load-stress 
curve is caused by the failure of the concrete in flexure. 
Considering the small number of tests which are repre- 
sented by these data, it is believed that they are remark- 
iblv concordant on this point. 

Since it is indicated that the first change in the 
structural behavior of the reinforced slabs occurred 
when the concrete failed in tension on the lower side 
of the slab, it will be of interest to examine the data 


to see what took place after the concrete ceased to bear ’ 


its proportionate share of the tensile stress. The data 
show that after the first change in slope of the load- 
stress curve the structure continued to act elastically 
up to a certain point, which was indicated by the 
dropping of the weighing beam of the testing machine. 
In Table 14 the load on the various slabs at the time 
this elastic failure occurred are noted, together with the 
computed tensile stresses in the steel at these loads 
In computing these values the dimensions of both the 
steel and concrete for the particular slab under considera- 
ation were used. 
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FIGURE 21 COMPARISON OI 
OF PLAIN CONCRETE 
FORCED CONCRETE 

PANEI 


VALUES OF Mopttus or RupTuRE 
BEAMS AND VALUES OF LoaD on REIN- 
SLABS AT INITIAL YIELD Portnt. IN LEFT- 


HAND ARE GIVEN VALUES OF LOAD ON REINFORCED 
SLABS AT CHANGE IN SLOPE OF LOAD-STRESS CURVES, Cor- 
RECTED TO 8-INCH THICKNESS VALUES OF MODULUS OF 
RUPTURE OF SAWED BEAMs aT 180 Days, Given In RIGHT- 


HAND PANEL, ARE MEANS oF 4 


PESTS ON GRAVEL CONCRETE, 
AND 8 TESTS ON LIMESTON! 


AND HaypITE CONCRETE 


laBLE 14.—Loads on reinforced slabs at failure and corresponding 
stresses in steel 
. Sec - Tensile 
<3 tion \geregate Method of placing — stress in 
No , stee] 
Pounds 
per square 
Pounds inch 
Hayadite H 1} ed 54, 895 48, 400 
( do do 50, 000 44, 200 
; de Vibrolithie proces 34, 385 46, 000 
( ‘ do d 53, 975 45, 600 
) lo Electric mper $9, 410 46, OOO 
a t do | 48, 730 45, 300 
; Limestone Hand placed 33, 990 48, 200 
3 ( do do 47, 320 44, 000 
do Vibrolit! proce 63, 125 49, 000 
f do do 63, 520 49, 800 
s do Electric tamper 60, 015 50, GOO 
g f do do 58. 730 50, 000 
l } do Air hammer 60, 590 52, 200 
1] t do do 58, 420 50, 500 
12 ; «6Gravel Hand placed 35, 040 47, 600 
12 fi do do 55, 000 47, 600 
4 3 io Vibrolithie process. 59, 875 48, 500 
{ f do do 54, 390 44, 100 
7 3 do Electric tamper 48, 260 50, 000 
7 6) do ..do. 34, 535 46, 500 
10 ; do Air hammer 6, 675 49, 100 
10 6 do do . 57, O85 50, 600 


It is evident from this tabulation that the second 
change in structural behavior occurred as a result of 
the steel being stressed to the yield point. It is recalled 
that the yield point of the reinforcement was found to 
range from 44,240 to 51,990 pounds per square inch. 
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FiGuRE 22.—FaILURE OF A REINFORCED SLAB Notre WIDE 
Cracks REMAINING AFTER REMOVAL OF LOAD AND SPALLING 
OF CONCRETE ON COMPRESSION SURFACE OF SLAB 


Thus it may be concluded that the ultimate failure of 
the reinforced slabs was due to the failure of the steel 
in tension. The appearance of the slab specimens also 
indicated this to be true. Figure 22 shows the appear- 
ance of the side of one of these slabs after failure. This 
particular slab spalled at the upper surface, as shown in 
the photograph. This spalling occurred just before 
final failure. 
ABSORPTION TESTS 


An effort was made to determine the relative ability 
of the concrete from the various slabs to absorb water. 
For this purpose two specimens 8 inches square and 
approximately 18 inches in length were selected from 
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the broken sawed-beam specimens from each of the large 
slabs. These specimens were air-dried in a sheet-iron 
building for several weeks, until all of them had ceased 
to change in weight. The concrete was from 10 to 12 
months old at the time that this drying-out period was 
completed. When all of the specimens had reached a 
condition of constant weight in the dry air of the build- 
ing, they were immersed in a tank of water (at air 
temperature). After periods of immersion of 1, 2, 8, 
28, 56, and 140 days they were removed from the water; 
the surface moisture was blotted off with a damp cloth: 
and the specimens were weighed. 

The progressive absorption of the various concretes 
is given in Table 15. Average values for four specimens 
are tabulated, and these data are also shown graphically 
in Figure 23. In this figure it will be noted that for 
each aggregate the methods of placing have been ar- 
ranged from left to right in the order of ascending values. 

From these data it would appear that the vibrators 
methods of placing produced a perceptibly less ab- 
sorptive concrete than was obtained by hand placing 
This difference was most marked with the concrete 
containing the Haydite aggregate and least with the 
concrete containing the gravel aggregate. Of the three 
vibratory methods, the Vibrolithic method of placing 
appears to be the most effective from the standpoint of 
reducing absorption. These absorption values appear 
to be, in a general way, a measure of the density of the 
concrete as indicated by the unit weight values given 
in Table 3. For each aggregate the highest absorption 
and lowest weight per cubic foot are found to relate 
to hand-placed concrete, while the lowest absorption 
and highest unit weight are found to be for concrete 
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Ficure 23.—Errects oF MEetTHop oF PLACING AND Type oF AGGREGATE ON PROGRESSIVE 


AT 1, 2, 8, 28, 56, anp 140 Days’ Immersion. 
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TABLE 15.—Percentage of absorption (based on dry weight) of 8 by 8 
by 18 inch concrete specimens— Values given are averages of deter- 
minations on four specimens 


LIMESTONE AGGREGATI 


Period of immersion 


\Mett {} ng 

V ibrolithic proces 0. 53 0.64 0.72 s/ s4 ~ 

Electric tamper 5s 65 Su x 

Air hammer s 1. 00 1. OS 

Hand placed 76 . 84 1. OF 2 i 
GRAVEL AGGREGATI 

Vibrolithic proce 0. 53 0.59 0.76 0. 04 0. O&8 ys 

Electric tamper 74 82 a7 1.14 1. 2¢ 2 

\ir hammer Ss] v0 1. OS 20 1, 24 24 

Hand placed 7s 6 1.12 2 1. 29 29 
HAYDITE AGGREGATI 

Vibrolithic proce 1. 53 1.7 4 0 2. 51 2 

Electric tamper 1. 62 1. 97 2. 24 2. 69 2. 88 2. 88 

Hand placed 1.77 2. OS 2. 41 2. 84 02 4 


placed by the Vibrolithic method. The unit weight 
of the concrete containing gravel aggregate is about 
the same as that of the concrete containing the lime- 
stone and much higher than that containing Haydite, 
while from the standpoint of absorption the inverse 
relation is again found to be generally true. 


RESISTANCE TO WEAR 


The purpose for which these concrete slabs were to be 
used made the matter of resistance to surface wear of 
considerable interest. Tests were made on the 11 
large slabs of the second series to determine the rela- 
tive surface hardness or resistance to wear, using a 
special testing device developed by the bureau for 
this purpose. This apparatus is described in detail 
in a former issue of Public Roads? and consists of three 
narrow wheels of hardened steel set tangentially on a 
circular plate which is rotated about its center under : 
constant load at a constant speed of 35 revolutions per 
minute. The path followed by the wheels is a circle 
21 inches in diameter. 

These wheels follow each other around this path 
and soon begin to wear a groove. The rate at which 
the depth of this groove develops is determined by 
measurements with a micrometer dial after some 
definite number of revolutions of the plate and is taken 
as an indication of the relative surface hardness of the 
concrete. 

As said before, this test was made on each of the 11 
slabs of the second series. Two tests were made on 
each slab, and the age of the concrete at the time of 
test was 10 months. 

The data obtained are shown graphically in Figure 24. 

Krom these data it is evident that for all three aggre- 
rates the use of vibratory methods of placing tended 
io decrease the surface hardness of the concrete and 
that this effect was particularly pronounced in the case 
of the concrete containing the Haydite aggregate. The 
only exception is in the case of the concrete containing 
the gravel aggregate and placed by the Vibrolithic 
method. The concrete containing gravel aggregate 
Which was placed by the two other vibrating methods 
consistently showed a softer surface than that which was 
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FIGURE 24 RESULTS OF WEAR TESTS; AVERAGE CURVES 
DETERMINED BY Two TESTS ON Eacu SLAB 


placed by the hand method. It is believed that this is 
due to the fact that the vibration tends to bring the 
water to the surface and this water carries with it the 
finer, less resistant particles. The result is that there 
is an excess of this material on or near the surface of 
the slab as the water evaporates. 

Comparison may also be made between the different 
aggregates, and it will be noted that the depth of wear 
was approximately twice as great on the concrete con- 
taining Haydite as on the other aggregates. 

The addition of the trap rock to the surface of the 
slabs placed by the Vibrolithic process had for its 
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purpose the protection of the surface from wear through 
the wear resistance of the stone. Presumably, when 
the mortar skin of the concrete becomes worn the layer 
of trap rock is exposed and assumes the burden of 
wear resistance. 





GRAVEL AGGREGATE 





LIMESTONE AGGREGATE 
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HAYDITE AGGREGATE 


Figure 25.—-SAwWeED SeEecTIONS OF CONCRETE PLACED BY 
VIBROLITHIC PROCESS, SHOWING FINAL POSITION OF 
TraP Rock AppED DurRING FINISHING 
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The sawed beams furnished an unusual opportunity 
to study the position of these fragments of trap rock 
in the hardened concrete and to judge to what degree 
protection to the surface is afforded by them. Figure 
25 shows typical faces of the sawed sections for all 
three types of aggregate. The pieces of stone in ques- 
tion can be identified without difficulty near the upper 
surface of all of the specimens. It is quite apparent 
that, so far as these slabs are concerned, the trap rock 
would be of little or no value as a surface wearing course. 

RESISTANCE TO REPEATED FREEZING 

Since durability is one of the most important qualities 
to be sought in exposed concrete work, an effort was 
made to obtain information regarding the relative re- 
sistance to weathering of the various concretes under 
test by subjecting specimens from each of. the large 
slabs to alternate freezing and thawing. 

Specimens 8 by 8 by 4 inches in size were sawed 
from portions of the sawed beams used in the flexure 
tests, one from section 2 and one from section 7 of each 
large slab, a total of 44 specimens. Four of the six 
faces of each specimen were sawed surfaces, one was 
the finished (or upper) slab surface, and the other was 
the surface left by the wood form on which the slab 
was cast. The specimens were separated into two 
groups of 22 each, one comprising the blocks cut from 
section 2 of each large slab, the other those from section 
7. These two groups were alternated in the freezing 
cycle, one being frozen while the other was being thawed 

All of the specimens were subjected to 100 cycles of 
alternate freezing and thawing. Freezing was accom- 
plished in a small compression refrigerator built 
especially for this work. The specimens were placed 
in the freezing chamber in a saturated condition and 
allowed to remain for 24 hours. Periodically thermo- 
graph records were made of the air temperature in the 
chamber and of the concrete temperature at the cente 
of one of the specimens. 

These charts showed that the minimum temperature 
of the concrete ranged from 10° to —15° C. over the 
8-month period of the tests and that this minimun 
temperature was maintained for from 14 to 17 hours 
of each 24-hour cycle of freezing. These variations 
were caused by the variation in the temperature of the 
specimens when placed in the freezing chamber 

At the end of the 24-hour freezing period the spec! 
mens were removed from the refrigerator and immersed 
in a tank of water at room temperature, where the) 
were allowed to remain for 24 hours. 

All specimens were examined carefully at frequent 
intervals and any changes in appearance noted. Thy 
detailed observations for each specimen are given i! 
Table 16, and photographs of all specimens are groupe 
in Figures 26, 27, and 28. 

An examination of the specimens after the compl 
tion of 100 alternations of freezing and thawing lead 
to the conclusion that all of the specimens are in ve! 
good condition after a rather severe test. In gener: 
the concrete is all sound and the sawed surfaces a 
practically intact. Differences in the resistance of | 
various groups of specimens can be detected, howev: 
and these permit some comparison to be made of t 
effect on resistance of the aggregates and of the metho 
of placing. It will be noted that many of the obser\ 
effects of freezing listed in Table 16 are not of a seri 
nature so far as the mass of the concrete in the speci 
is concerned. 
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Studying the data from the standpoint of the aggre- 
gates used, 1t is apparent that the concrete containing 
the siliceous gravel was affected least by the repeated 
freezings. This concrete was practically unchanged 
by the test in so far as could be determined by a care- 
ful examination of its physical appearance. The 
concrete containing the limestone coarse aggregate 
was more difficult to consolidate because of the angu- 
larity of the stone fragments. The water-cement ratio 
was higher than that of the conerete in which gravel 
was used and more void spaces are to be found around 
the coarse aggregate particles. The result was that 
freezing did considerably more damage to the speci- 








Figure 26.——ReEsIstTaNcE OF GRAVEL CONCRETE SPECI- 
MENS TO REPEATED FREEZING SLAB AND SECTION 
NUMBERS ARE GIVEN ON THE PHOTOGRAPHS SLABS 
12 anp 23, Hanp PLacep; 4 ANp 15, ViIBROLITHIC; 7 


AND 18, E_ectrric TAMPER; 10 AND 21, AiR HAMMER 


nens containing the limestone than to those containing 
the siliceous gravel. The void spaces proved to be 
articularly vulnerable to freezing attack. 

In only one instance was any disintegration of the 
imestone aggregate noted, the weakness apparently 
eing in the mortar around the void spaces and on the 
‘inished surface which was originally the top of the slab. 
‘his indicates that the greater damage noted in the 
specimens containing the crushed-stone aggregate was 
possibly due to the fact that a higher water-cement 
ratio was required for workability rather than to the 
faucet that limestone was used. All of the specimens 
containing the Haydite aggregate showed isolated 
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TABLE 16.—Detailed 


Vibrolithic process 


Electric vibrator 
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of the e ffe ct of re pe ated freezing 


AGGREGATE 


Effects observed 


( ens unchanved after 100 alternation 


face (toward the front 


rap noted after SO alternations 





was I adil 
siternations the 
siderable disin 


J alternations 


umble ( 


1 small spot on 


iiternations N 


f the mortar al the 


» apparent after *( 


ove trap 


nished face, above the tray 
slternations 


€ rface softened to a depth of inc} 


ticeably softened after 


noted on | part 


SO alternations. Thesame effect I 


ished surface First apparent 
Also certain particles of 
> aggregate appeared to soften under 
repeated freezing. After 30 alternations it was 
ted that the nonporous particles, which ap- 
were not completely fused in manu- 
gan to soften. 
yn the same as section 2. 
crumbling of the mortar around a honey 
mbed area in the bottom. Slight scale 
appeared on the finished surface after 59 alter- 





parently 





Pronounced scale on finished surface noticed 

ifter 30 alternations 
rhe finished surface disintegrated to a depth of 
sto 4 inch, One corner disintegrated where 
was honeycombed. First noted after 380 


ilternations 
The finished surface disintegrated to a depjh of 
; inch after 30 alternations. Some crumbling 

he mortar noted after 80 alternations. 

light scale apparent on the finished surface after 
80 alternations. 

ening of the mortar noted at 2 small spots on 
he sawed surfaces after 20 alternations. ‘The 
finished surface above the trap rock disinteg- 


i he 





Sof 





rated to a depth of 46 to 4 inch after 80 alter- 
nations 

Che finished surface scaled to a depth of 4 inch 
after 94 alternations 


Slight scale noted on 1 sawed face after 30 alter- 

nations, 

No apparent 
handling.) 

Slight softening of 1 sawed face noticeable after 
80 alternations 


effect One corner broken in 
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RESISTANCE OF STONE CONCRETE SPECI- 


FIGURE 27. 
MENS TO REPEATED FREEZING. SLAB AND SECTION 


NUMBERS ARE GIVEN ON THE PHOTOGRAPHS. SLABS 
13 anp 24, Hanp PLacep; 5 ANp 16, VIBROLITHIC; 
8 AND 19, ELectric TAMPER; 11 AND 22, Arr Ham- 
MER 


particles of coarse aggregate which appeared to soften 
after repeated freezing. These particles were smooth, 
dark-colored, and noncellular in structure and had the 
appearance of having been incompletely fused during 
manufacture. The cellular particles were not affected 
by the repeated freezings. The mortar in the speci- 
mens containing the Haydite aggregates showed the 
effects of the test in practically all of the specimens. 
It is worthy of note, however, that the sawed surfaces 
which exposed the interior of the mass to the freezing 
action showed much less effect than did the finished 
surfaces. 

It appears to be true of all of the specimens that the 
least resistant surface is that which was left by the 
finishing process on the upper surface of the slab. 

The effect of the various methods of placing on the 
resistance to repeated freezing is limited, so far as these 
data indicate, to the effect that the respective methods 
have on the amount and condition of the mortar 
surface on the finished slab. The methods of placing 
which make use of vibration tend to bring fine material 
and water to the surface of the concrete. This was 


mentioned in the discussion of wear resistance as 
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FiGuRE 28 RESISTANCE OF HaypbiTE CONCRETE TO 
REPEATED FREEZING. SLAB AND SECTION NUMBERS ARE 
GIVEN ON THE PHOTOGRAPHS. SLABS 3 AND 14, HAND 
PLACED; 6 AND 17, VIBROLITHIC; 9 AND 25, ELEcTRI 
TAMPER 


affecting the surface hardness of the concrete, and it 
is interesting to note that the surfaces left by the 
vibratory methods of placing were apparently less 
resistant to freezing than those obtained by the hand- 
placing method. 


BULLETIN, ISSUED ON ELECTRICAL EQUIP- 
MENT FOR MOVABLE BRIDGES 


A bulletin intended ‘to assist bridge engineers in 
designing electrical equipment on movable bridges has 
recently been issued by the Bureau of Public Roads 
The bulletin is designated as Technical Bulletin No 
265, Electrical Equipment on Movable Bridges, by 
Condé B. McCullough, Albin L. Gemeny, and W. R 
Wickerham. 

The first section of the bulletin deals with the funda- 
mentals of direct-current and alternating-current motors 
and discusses the selection of motors for different 
services. The second section discusses the control and 
interlocking of operations, describing current practic: 
in the regulation of motors, control of sequence o 
operations, and the use of various protective devices 
This discussion is followed by a description of fou 
different installations of electrical equipment, accon 
panied by diagrams showing the wiring and arrange- 
ment. The last portion of the bulletin deals with ne‘ 
developments in electrical bridge control, including 
variable-voltage control, speed-matching indicators fo! 
vertical-lift bridges, and light-sensitive relays. 


Copies of this publication may be obtained from tie 


Office of Information, United States Department 0! 
Agriculture, Washington, D. C. 















HIGHWAY RESEARCH BOARD HOLDS ANNUAL 
MEETING 


HE ELEVENTH annual meeting of the Highway 
Research Board was held on December 10 and 11 
at the building of the National 
Sciences and the 
ton, D. C. 


Academy of 
National Research Council, Washing- 
The session was opened at 10 a. m., 
Thursday, December 10, with an address of welcome 
by Dr. Albert L. Barrows, assistant secretary of the 
National Research Council, followed by an address by 
the chairman of the Highway Research Board, H. 5. 
Mattimore, engineer of materials, Pennsylvania High- 
way Department. Mr. Mattimore presided at the 
meeting. 

rhe Thursday morning session was a to the 
report of the committee on maintenance, B. C, Tiney, 
maintenance engineer, Michigan Highway De beatonic 
chairman; the report of a special investigation of dust- 
laying materials and methods, by Fred Burggraf, 
research engineer, Highway Research Board; and the 
report of the project committee on correlation of 
research in mineral aggregates, W. J. Emmons, director, 
Michigan State Highway “pets chairman. 

The afternoon meeting (C. M. Upham, of the Ameri- 
can Road Builders’ Association, presiding) was occupied 
with the following subjects: The report of the com- 
mittee on materials and construction, H. S. Mattimore, 
chairman; the report of the project committee on 
curing of concrete pavement slabs, F. C. Lang, engineer 
of tests and inspection, Minnesota Highway Depart- 
ment, chairman; Compaction of Fills as Affected by 
Type and Size of Hauling and Other Equipment, by 
A. K. Haxtun, assistant engineer, American Road 
Builders’ Association; Functions of Steel Reinforce- 
ment in Concrete Pavements and Bases, by C. A, 
Hogentogler, F. A. Robeson, and E. A. Willis, division 
of tests, United States Bureau of Public Roads; and 
the report of the special investigation of methods for 
evaluating field inspection of culverts, by R. W. 
Crum, director, Highway Research Board. 

On Friday morning a short general session was held 
at which Mr. Mattimore presided. At this meeting 
the report of the committee on highway finance was 
delivered by Thomas H. MacDonald, chief, United 
States Bureau of Public Roads, chairman. The re- 
mainder of the day was occupied with two simultaneous 
sessions. 

The session on highway design and allied subjects 
was held in the lecture room, E. F. Kelley, chief, divi- 
sion of tests, United States Bureau of Public Roads, 
presiding. This meeting was devoted to the report of 
the committee on highway design, A. T. Goldbeck, 
director, bureau of engineering, National Crushed Stone 
\ssociation, chairman; Some Principles of Soil Survey- 
ing and Mapping, by D. P. Krynine, research associate 
in soil mechanics, Yale University; and the report of 
the special investigation of the use of rail steel rein- 
foreement on highway construction, R. L. Morrison, 
chairman. 

The session on traffic and transportation took place 
in the auditorium, with E. W. James, chief, division of 
highway transport, United States Bureau of Public 
Roads, in the chair. The following reports were con- 
sidered: The report of the committee on traffic, G. E. 
Hlamlin, superintendent of maintenance, C onnecticut 
Highway Department, chairman; Field Methods for 


Measuring Tire Wear, by A. A. Anderson and H. B. 
Wright, Portland Cement Association; and the report 
of the committee on transportation, je 4 Agg, assistant 
dean of engineering, lowa State College, chairman. 

At 1 o’clock on Thursday, December 10, a luncheon 
for contact men was held in the library of the National 
Academy of Seiences. The annual highway re-earch 
dinner was held at 7 in the evening of the same day, 
at the Willard Hotel ; 

Space does not permit an adequate account of the 
many excellent papers submitted to the Highway Re- 
search Board at this meeting. The following para- 
graphs contain brief summaries of a number of reports 
which are considered of particular interest to highway 
engineers 

MAINTENANCE 

Maintenance Costs, by H. L. Bishop, chief, division 
of construc tion, Unit ited States Bureau of P ublic Roads, 
discussed progress on a study of mainte ng ince costs on 
Kederal-aid projects in all the States. Because of lack 
of uniformity in accounting methods, the Bureau of 
Public Roads has adopted a system of rating the main- 
tenance on Podard-oia projects by weighing the factors 
of surface, drainage, shoulders, structures, roadside 
cleaning, and traffic service according to their relative 
importance. Other articles on maintenance included 
Maintenance of Expansion Joints and Cracks in Con- 
crete Pavements, by W. H. Root, maintenance engineer, 
lowa Highway Commission; Fillers and Bedding 
Courses for Brick Pavements, by J. S. Crandall, pro- 
fessor of highway engineering, University of Illinois; 
and Ice Removal from Pavements, by B. C. Tiney 
maintenance engineer, Michigan Highway Department’ 

MATERIALS AND CONSTRUCTION 

H.S. Mattimore, engineer of materials, Pennsylvania 
Highway Department, reporting for the committee on 
materials and construction, submitted a paper on The 
Effect of Hot Cement on Time of Set and Concrete 
Quality, in which he discussed the effects produced by 
the use of cement which when received on the work 
retains a considerable part of the heat generated during 
manufacture. Occasional temperatures as high as 
150° to 200° F. have been noted. In The Durability 
of Concrete as Affected by the Water-Cement Ratio, 
Mr. F. H. Jackson analyzed the evidence concerning the 
relation between resistance to frost action and the 
water-cement ratio, the maximum water-cement ratio 
allowable for concrete exposed to the weather, and the 
relation between strength and durability. A decided 
relation was found to exist between the water-cement 
ratio and durability. There was also a committee 
report on Volume Charges in Concrete, by C. H. 
Scholer, professor of applied mechanics, Kansas State 
College. 

The paper on Functions of Steel Reinforcement in 
Concrete Pavements, by Messrs. Hogentogler, Robeson, 
and Willis pointed out the fact that investigations of 
steel reinforcement carried on by the Highway Research 
Board in 1924 and 1925 disclosed benefits furnished by 
reinforcement on concrete pavements not readily 
explainable by the conventional theory of remforced 
concrete design. Subsequent study indicates that 
some of the benefits are due to the influence the rein- 
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forcement exerts upon the internal stresses and other 
factors which affect the strength and durability of 
concrete. The report analyzed the phenomena occur- 
ring during and subsequent to the hardening period and 
discusses the successive shrinkage, expansion, warping, 
and other distortions which may occur as the result 
of natural causes as well as traffic. The attempt was 
made to explain the function of steel reinforcement 
with respect to the stresses caused by these phenomena. 
FINANCE 

Mr. MacDonald’s paper on highway finance dealt 
with the cooperative project being conducted by the 
Bureau of Public Roads and the University of Wis- 
consin on The Relationship Between Road and General 
Taxes in the Various States. The first work of the 
investigation was carried on in Wisconsin and was 
summarized in the report. 

HIGHWAY DESIGN 

The report of the committee on highway design in- 
cluded a symposium on The Economics of Low Cost 
Bridges: Concrete, by E. M. Fleming, Portland Cement 
Association; Timber, by J. F. Seiler, American Wood 
Preservers’ Association; and Steel, by F. H. Frank- 
land, American Institute of Steel Construction. Mr 
Fleming’s paper analyzed methods of reducing first cost 
by the use of simpler types of concrete structures, 
higher strength concrete, mgid frame structures, and 
continuous slab viaducts. After analyzing methods 
of calculating the total carrying cost of wooden bridges, 
Mr. Seiler cited experience to show that creosoted 
timber will last from 35 . 40 years, after which time a 
bridge would probably be retired from obsolescence. 
Mr. Frankland gave examples of recent economical 
designs of steel bridges using continuous girders and 
beams and steel-plate floors, as well as the use of steel 
piles for substructures. The life of steel structures was 
placed at not less than 100 vears. 

Load Limitations on Highways, by Albin L. 
Gemeny, senior structural engineer, United States 
Bureau of Public Roads, discussed the relation between 
load limitations on roads and those on bridges, and 
presented a discussion of load limitations based on the 
design loads of the American Association of State 
Highw ay Officials. 

Field Experiments in Subgrade Drainage and Treat- 
ment, by F. H. Eno, research professor of highway 
engineering, Ohio State University, discussed an in- 
vestigation of 42,500 feet of porous or treated subbases 
beneath paved roads and approximately 25,700 feet of 
untreated paved roads, the comparisons being made 
on the basis of crack ratios. Upon pavements with 
no center joint, slag subbases yielded no longitudinal 
cracks; sand gave a longitudinal crack ratio of 0.095; 
gravel, 0.2; a cement-clay mixture, 0.29, untreated 
sections, 0.6. 

In A New Theory of Frost Heaving, A. C 
man, research engineer, and F. R. Olmstead, research 
assistant, Michigan Highway Department, analyzed 
the factors which cause the formation of ice plates in 
soil, and noted the elimination of frost heaving at some 
200 locations in Michigan last winter through provision 
for drainage. 

The article by D. P. Krynine, on Principles of Soil 
Surveying and Mapping for Road Purposes, recom- 
mended that in addition to the soil grouping defined 
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by the Bureau of Public Roads the soils be furthe: 


characterized with respect to permeability and stabil- 


ity. For the former the author suggested a method 
for determining the moisture equivalent of the soil by 
centrifuging, and for the latter a new test for shearing 
resistance. 

TRAFFIC AND TRANSPORTATION 

Pape rs on the general subject of traffie included 
Trafic Capacity, by A. N. Johnson, dean of engineer- 
ing, University of Maryland, a discussion of a coopera- 
tive project by the Bureau of Public Roads and the 
U niversity of Maryland to determine the capacity ol 
2, 3, and 4 lane roads; Vehicle and Highway Mechanics, 
by Dr. H. C. Dickinson, chief, heat and power division, 
United States Bureau of Standards; Traffic Survey 
Procedure, by W. Graham Cole, policyholders service 
bureau, Metropolitan Life Insurance Co.; Law Ob- 
servance and Enforcement, by Burton W. Marsh, 
traffic engineer, Philadelphia; Highway Edueation, by 
Stephen James, director of extension, Highway Eduea- 
tion Board; State Control of Traffic, by W. A. Var 
Duzer, director of traffic, District of Columbia; and 
The Driver, by Sidney J. Williams, director, publi 
safety division, National Safety Couneil. 

The committee on transportation submitted thre: 
papers: Tractive Resistance Studies with a Gas-Electri 
Automobile, by Ray Paustian, lowa State College 
Tractive Resistance and Tractive Effort of Motor 
Vehicles, by H. B. Shaw, director, engineering experi- 
ment station, North Carolina State College; and Ai 
Resistance of Motor Vehicles, by W. E. Lay, professor 
of mechanical engineering, University of Michigan 
Mr. Paustian’s paper discussed the equipment and 
preliminary results obtained in measurements of trac- 
tive resistance, wind resistance, and power consumption 
at speeds up to 65 miles per hour. Mr. Shaw gave 
methods for computing tractive resistance and tractive 
effort at different speeds and grades. Professor Lay 
reported on wind-tunnel experiments with simple body 
forms, using different methods of simulating a road 
surface. The data showing the percentage of improve- 
ment due to stream-lining proved to be fairly consistent 
for all methods tried. 


SUBGRADE REPORTS REPRINTED IN BUL- 
LETIN FORM 

The four reports on the subject of subgrades which 
were Ag mena ” the June, July, September, and 
October Pusitic Roaps have been reprinted 
under the title, ‘Scan on Subgrade Studies. The 
following articles are included: Subgrade Soil Con- 
stants, Their Significance and Their Application in 
Practice (Parts I, II, and I11); The Soil Profile and th: 
Subgrade Survey; Procedures for Testing Soils for th: 
Determination of the Subgrade Soil Constants: Graph 
ical Solution of the Data Furnished by the Hydromete: 
Method of Analysis. 

Single copies of this publication may be obtained 
from the United States Bureau of Public Roads 
Willard Building, Washington, D. C. In case more 
than one copy is desired, they may be purchased from 
the Superintendent of Documents, United States 
Government Printing Office, Washington, D. C., at 40 
cents each. 
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ipplicants are urgently requested to ask only for those publicationsin 
which they are particularly interested. The Department can not under- 
take to supply complete sets nor to send free more than one copy of any 
publication to any one person. The editions of some of the publications 
are necessarily limited, and when the Department's free supply is ex- 
hausted and no funds are available for procuring additional copies, 
applicants are referred to the Superintendent of Documents, Govern- 
ment Printing Office, this city, who has them for sale at a nominal price, 
under the law of January 12, 1895. Those publications in this list, the 
Department supply of which is exhausted, can only be secured by pur- 
chase from the Superintendent of Documents, who is not authorized 
to furnish publications free. 


ANNUAL REPORTS 
Report of the Chief of the Bureau of Public Roads, 1924. 
Report of the Chief of the Bureau of Public Roads, 1925. 
Report of the Chief of the Bureau of Public Roads, 1927. 
Report of the Chief of the Bureau of Public Roads, 1928. 
Report of the Chief of the Bureau of Public Roads, 1929. 


Report of the Chief of the Bureau of Publie Roads, 1931. 


DEPARTMENT BULLETINS 
No. *136D,. Highway Bonds. 20¢ 


*347D. Methods for the Determination of the Physical 
Properties of Road-Building Rock. 10c. 


*532D. The Expansion and Contraction of Concrete and 
Concrete Roads. 10c. 


*583D. Reports on Experimental Convict Road Camp, 


Fulton County, Ga. 25c¢ 
*660D. Highway Cost Keeping. 10c. 


1279D. Rural Highway Mileage, Income, and Expendi- 
tures 1921 and 1922. 


1486D. Highway Bridge Location. 
DEPARTMENT CIRCULAR 


No. 331C. Standard Specifications for Corrugated Metal Pipe 
Culverts. 


TECHNICAL BULLETINS 
‘Oo. 55T. Highway Bridge Surveys. 
265T. Electrical Equipment on Movable Bridges 
SEPARATE REPRINT FROM THE YEARBOOK 
\ 


No. 1036Y. Road Work on Farm Outlets Needs Skill 


and 
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* Department supply exhausted 


MISCELLANEOUS CIRCULARS 


No. 62MC. Standards Governing Plans, Specifications, Con- 
tract Forms, and Estimates for Federal-Aid 

Highway Projects 
*93MC. Direct Production Costs of Broken Stone. 25c. 
LOOMC. Federal Legislation and Regulations Relating tothe 


Improvement of Federal-Aid Roads and National- 
Forest Roads and Trails, Flood Relief, and Mis- 
cellaneous Matters 


MISCELLANEOUS PUBLICATION 


No. 76MP. The Results of Physical Tests of Road-Building 
Rock. 


TRANSPORTATION SURVEY REPORTS 


Report of a Survey of Transportation on the State Highway 
System of Ohio. 1927 

Report of a Survey of Transportation on the State Highways of 

Vermont. 1927 


Report of a Survey of Transportation on the State Highways of 
New Hampshire 1927 


teport of a Plan of Highway Improvement in the Regional 
Area of Cleveland, Ohio 1928 


Report of a Survey of Transportation on the State Highways of 


Pennsylvania. 1928 


REPRINTS FROM THE JOURNAL OF AGRICULTURAL RESEARCH 


Vol. 5, No 17, D- 2. Effect of Controllable Variables upon 
the Penetration Test for Asphalts and 
Asphalt Cements. 


Vol. 5, No. 19, D 


Ww 


Relation Between Properties of Hard- 
ness and Toughness of Road-Building 
Rock 

Vol. 5, No. 24, D- 6. A New Penetration Needle for Use in 
Testing Bituminous Materials. 

Vol. 11, No. 10, D-15. Tests of a Large-Sized Reinforeced-Con- 
crete Slab Subjected to Eccentric 
Concentrated Loads. 
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